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VERIFICATION OF FINITE-ELEMENT MODEL SPACECRAFT VIA TEST RESULTS 
 

D. F. Balyakov 
 

Reshetnev Siberian State University of Science and Technology  
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E-mail: d-bolyakov@iss-reshetnev.ru 
 

The question of ensuring strength, durability and survivability of a spacecraft construction with mathematical mod-
eling complexes is a modern trend in satellites design. This approach is based on the shortening of the prelaunch 
preparation stage. In particular, this is due to the reduction in the number of vibration tests of a spacecraft (SC). In the 
present work, using the example of vibration tests of “Express-1000K” service system module, we consider the verifica-
tion technique for the mathematical model of communication satellites, output by a pair of payloads. The choice of this 
research object was caused by the conceptual scheme for modern space vehicles constructing, based on the modular 
principle. The service system module is the basic supporting structure of the spacecraft, able to integrate with any pay-
load (information support, scientific research, geodesy and remote sensing, navigation) and is a universal tool in a sat-
ellite construction. In tests with harmonic vibration, the first longitudinal and transverse tone of the spacecraft oscilla-
tions are well identified, which can be fairly easily predicted applying the finite-element model. Proceeding from this, 
the accuracy of forecasts depends, to a greater extent, on the complexity of the modeled construction and the modeling 
procedure being used. The study provides a finite-element modeling technique for spacecraft output by a pair of pay-
loads; the dynamic characteristics of the object of investigation by calculation and experimental methods are obtained. 
The identification procedure was carried out using the ‘modal consent’ method. The verification technique considered 
in the study makes it possible to carry out effective adjustment of the finite-element model. The finite-element model 
obtained by verification results allows to effectively evaluate the behavior of a spacecraft already at the design stage, 
which enables to shorten the time of vibration tests. The main results of this research were applied in verification  
of mathematical models of modern spacecraft developed by JSC “ISS”. The importance of applying verification 
methods of the mathematical model of the product at the preliminary (design) stage of spacecraft creation was noted. 

 
Keywords: verification, spacecraft, finite element model, test, identification, dynamics characteristics. 
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ВЕРИФИКАЦИЯ КОНЕЧНО-ЭЛЕМЕНТНОЙ МОДЕЛИ КОСМИЧЕСКОГО АППАРАТА  
РЕЗУЛЬТАТАМИ ИСПЫТАНИЙ 

 
Д. Ф. Баляков  
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Вопрос обеспечения прочности, ресурса и живучести конструкции космического аппарата с помощью  

комплексов математического моделирования – современная тенденция проектирования спутников. Данный 
подход основан на сокращении сроков подготовки изделия к запуску. В частности, это происходит за счет 
уменьшения объема проведения вибрационных испытаний космического аппарата (КА). На примере вибраци-
онных испытаний платформы модуля служебных систем «Экспресс-1000К» рассматривается методика про-
ведения верификации математической модели спутников связи, выводимых парной полезной нагрузкой. Выбор 
данного объекта исследования обусловлен принципиальной схемой построения современных космических аппа-
ратов, основанных на модульном принципе. Модуль служебных систем является основной несущей конструк-
цией космического аппарата, способной интегрироваться с любой полезной нагрузкой (информационное обес-
печение, научные исследования, геодезия и дистанционное зондирование, навигация), и является универсальным 
инструментом при построении спутника. При испытаниях гармонической вибрацией хорошо идентифициру-
ются первые продольные и поперечные тона колебаний космического аппарата, которые достаточно легко 
прогнозируются с использованием конечно-элементной модели. Исходя из этого, точность результатов про-
гнозов зависит в большей степени от сложности моделируемой конструкции и используемой процедуры моде-
лирования. Приводится методика конечно-элементного моделирования космических аппаратов, выводимых 
парной полезной нагрузкой, получены динамические характеристики объекта исследования расчетным  
и экспериментальным методами. Проведена процедура идентификации по методу «модального согласия». 
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Рассмотренная методика верификации позволяет производить оперативную корректировку конечно-
элементной модели космических аппаратов. Конечно-элементная модель, полученная по результатам верифи-
кации, позволяет эффективно проводить оценку поведения КА уже на этапе проектирования, что дает воз-
можность сократить время проведения вибрационных испытаний космических аппаратов. Основные резуль-
таты данного исследования применены при верификации математических моделей современных космических 
аппаратов, разрабатываемых в АО «ИСС». Отмечена важность применения методов верификации матема-
тической модели изделия на предварительном (проектном) этапе создания космического аппарата. 

 
Ключевые слова: верификация, космический аппарат, конечно-элементная модель, испытания, вибрация, 

идентификация, динамические параметры. 
 
Introduction. Recently, the interest of scientists and 

engineers is focused on research in the field of identifica-
tion and verification design of mathematical models.  
For example, in [1] verification of the finite-element 
model of the spacecraft developed by space-rocket enter-
prise “Energy” is done based on the results of modal tests; 
in the study [2] verification of mathematical models de-
signed for the analysis of acoustic impact on the antenna 
system of the spacecraft are carried out. 

A distinctive feature of the proposed in the present 
work method of verification is to conduct a preliminary 
modal analysis (analysis of frequencies and forms) in 
order to clarify the installation positions of measuring 
sensors.  

To ensure the most accurate and detailed descriptions 
of elastic characteristics of a satellite design and to obtain 
predictions of loading a computational model, built using 
the finite element method, is mainly used. The spacecraft 
design is split into different elements, interconnected in a 
finite number of grid points. When designing a spacecraft, 
special attention is paid to the development of its mathe-
matical model, adequately describing its mechanical 
properties, which is possible in combination with the ex-
periment and methods of identification of the spacecraft 
design parameters. In this article the verification method 
of finite element models of spacecraft output by a pair of 
payloads manufactured by the JSC “ISS” are discussed. 

Descriptions of the calculation method and the calculation 
mathematical model are suggested. The main results of 
the numerical simulation test design done with combined 
payloads harmonic vibration on the basis of the design 
platform “Express-1000K”, as well as the data of natural 
experiments are given. 

Aims and objectives. The aim of this study is to test 
the verification method of the finite element model (here-
after FEM) of the platform “Express-1000K” under  
results of harmonic vibration tests. 

Choice of suitable methods, levels and stages of veri-
fication shall depend on the product characteristics and 
relevant categories under claim. Two of the most common 
verification methods are tests and analysis.  

Tests are considered a preferable method of verification 
due to their efficiency. Application of analysis is required 
in the absence of possibility to simulate flight conditions 
on the Ground or in case of economic inexpediency of full 
range of flight conditions. The scheme of studies and 
steps to verify the FEM of the spacecraft, providing  
a better insight into dynamic behavior are presented  
in fig. 1. 

Using FEM spacecraft, based on the results of modal 
analysis it is possible to determine optimum locations of 
accelerometers when performing vibration tests on an 
external mechanical impact, caused by launch vehicles 
capacities. 

 
 

 
 

Fig. 1. FEM verification steps 
 

Рис. 1. Последовательность этапов верификации КЭМ КА 
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Based on the results of SC modal analysis, the instal-
lation locations of accelerometers in the most critical 
points have been selected: 

− “accurate” equipment installation areas; 
− the attachment of antennas, opening and closing 

mechanisms; 
− equipment installation areas, with natural frequency 

below 100–150 Hz (solar panels); 
− on the basic structure of the spacecraft to control the 

design capacities in terms of construction strength 
(adapter, power pipe, release device);  

– in places with the maximum displacement (antennas 
edges, the solar batteries edges). 

Numerical simulation. When testing harmonic vibra-
tion first longitudinal and transverse tone oscillations  
of the satellite are identified well, which is fairly easily 
predicted using FEM SC [3]. Accordingly, the accuracy 
of the predictions depends more on the complexity of the 
simulated construction design and applied simulation pro-
cedures [4; 5]. 

In the calculation scheme a real object is replaced by a 
discrete model that represents a set of nodes and relevant 
finite elements with appropriate properties. FEM SC has 
been created in the format of the software module  
FEMAP [5] and consists of 212517 nodes and 221445 
elements. 

Proceeding to the simulating procedure, it is necessary 
to stipulate the following assumptions and limitations: 

1. As a global coordinate system to create FEM SC 
selected is the reference coordinate system PPV  
(in accordance with the original data), origin of which is 
located on the junction of the release device and adapter 
(plane 1c), where: 

– the X-axis is directed along the longitudinal axis of 
the spacecraft toward the booster stage; 

– the Y-axis is directed along the first plane (I) stabili-
zation of the spacecraft; 

– the Z-axis is directed along the fourth surface (IV) 
of spacecraft stabilization (fig. 2). 

2. Thermostated cell panels and panels of the design 
(SC) are simulated by multilayer elements with the corre-
sponding thicknesses of supporting layers and honeycomb 
core. Basic structure of the body (BSB), cone-shaped 
spacecraft adapter are simulated by beam elements. Rods 
and frames of the solar battery pannels (SB) are simulated 

with truss elements. For modeling equipment shells, SC 
antenna reflector elements of plate type are used. Honey-
combs are simulated by three-layer plates [6; 7]. Devices, 
antenna, flanges, bases, supports, fittings are simulated 
flat elements. Mechanical antennas are simulated by beam 
elements. The mass of the design is set using the density 
of materials [8]. Mass of cables, connecting elements, 
balancing weights is considered as a uniformly distributed 
mass of the SC design. 

3. The equation of the system under consideration 
motion can be represented as: 

 [M]{q´´} + [K]{q´} + [C]{q} = {F}, (1) 

where {u} – vector of nodal relocation for all system; 
{q´´}, {q´} – vectors of accelerations and speeds of points 
of system; [With], [To], [M] – “global” stiffness matrixes, 
damping and masses for all system; {F} – a vector of 
nodal forces for all system. The matrix of damping [K] 
can be received formally, similarly to stiffness matrixes 
and masses, having entered some constant for internal 
friction and adding appropriate matrixes of elements, 
however generally it is not the same. Damping matrix task 
is approximation of dispersion energy. In practice the 
matrix [K] is set by a constant, built by setting of damp-
ing values on different own modes or approximated 
through matrixes [M] and [C]; or the damping model, 
which most accurately describes real behavior of con-
struction, is applied. 

The General Assembly of the FEM SC is shown  
in fig. 3. 

The research of a model quality begins with finding 
the Modal Assurance Criterion, MAC. MAC-values are 
defined as a difference between test results and results of 
the finite-element analysis in case of harmonic vibration 
load simulation. Experimental and finite-element modes 
cannot (even theoretically) be absolutely orthogonal be-
tween themselves for that simple reason that it is impossi-
ble to do measurement in all points of a subject to tests. 

 
   

       

2

э р

э э р р

MAC ,
i j

ij

i j i j

 


   
 (2) 

where   э рi j   – analyzed couple of matrix vectors – 

experimental and estimated respectively.   

 

  
 

Fig. 2. Coordinate system and stabilization axis location  
 

Рис. 2. Система координат и расположение осей стабилизации 
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Instead of this MAC-values show the extent of simi-
larity between an experiment and finite – element calcula-
tion. Usually the first step in case of dynamic analysis is 
determination of natural frequencies and forms of oscilla-
tions of the design regardless of damping [9]. 

Frequencies and forms of oscillations characterize the 
main dynamic properties of the design and show what 
will be response of the considered construction to dy-
namic excitation. One of the reasons for natural frequen-
cies and forms of oscillations calculations is the need to 
assess the dynamic influence between the researched con-

struction and support. Further dynamic tests are usually 
based on the analysis of natural frequencies. Results  
of the modal analysis of FEM SC are provided in tab. 1. 

FEM SC calculation of acceleration responses under 
sinusoidal vibration influence is carried out. Levels of 
sinusoidal vibration in SC adapter joint with booster stage 
were accepted according to tab. 2. 

The amplitude-frequency characteristic (AFC) of accel-
eration responses of monitor sensors installation on basic 
construction of the body in X, Y, Z directions respectively 
under sinusoidal influence is given in fig. 4. 

 

 
 

Fig. 3. Final finite element SC model  
 

Рис. 3. Общая сборка КЭМ КА 
 

Table 1 
FEM SC modal analysis results 

 

Effective mass, % 
Tone no. Frequency, Hz  

Mx My Mz Ix Iy Iz 

Description of satellite oscillation 
form 

1 5.08 – 2.7 59.0 – 92.0 4,3 
1st SC oscillation tone 

Z direction 

2 5.13 – 59.7 2.83 – 4.3 92,4 
1st SC oscillation tone 

Y direction 

5 9.36 – – – 52.3 – – 
SC rotation around longitudinal 

axis 

7 12.15 – – – 14.2 – – SC rotation around Х axis 

11 14.07 – – 7.7 – 1.2 – SC roll oscillation 

61 29.98 24.1 – – – – – 
1st SC oscillation tone 

Х direction 

– Installation areas of control nodes for acceleration recovery 

Adapter interface

Booster stage 
interface 

FEM SC1 

FEM SC2 

SC1 

SC2 
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End of table 1 

Effective mass, % 
Tone no. Frequency, Hz  

Mx My Mz Ix Iy Iz 

Description of satellite oscillation 
form 

74 33.68 – – – 1.23 – – 
SC rotation around longitudinal 

axis 

81 34.66 8.5 – – – – – SB panels 

82 43.68 16.9 – – – – – SC longitudinal oscillations 

121 100.00 1.8 – – – – – – 

Total effective masses, % 94.9 95.6 94.9 97.2 99.8 99.8  

 
Table 2  

Levels of sinusoidal vibration 
 

Vibration level, g 

Evaluating  Frequency range, Hz 

Longitudinal direction (XSC) Transversal direction (YSC, ZSC) 
5–10 1.82 0.39 

10–20 1.82 0.52 
20–100 0.78 0.78 

 
 

 
 

Fig. 4. AFC of acceleration responses on basic construction of the body in X, Y, Z directions respectively  
 

Рис. 4. АЧХ откликов виброускорений силовой конструкции корпуса по осям X, Y, Z соответственно 
 
Tests on the impact of harmonic vibration. Test 

programs are essential part of the general verification 
process which purpose is to ensure the product compli-
ance with all requirements to design, characteristics and 
quality. 

For verification process quality improvement tests, 
which conform to certain requirements, are delivered: 

– qualification tests are carried out at the qualification 
levels, with maximum duration; 

– the proto-flight model shall pass the test program 
with qualification levels, but with the reduced duration. 

In case of release section capacity influence (vibration 
and acoustic) the proto-flight SC model is delivered in  
a start status, with: 

response in XSC 

direction 

response in ZSC 

direction 
response in YSC 
direction 



 
 
 

Математика, механика, информатика 
 

 13

– pyromeans disconnected from means of blasting; 
– removable equipment from antennas dismantled,  

except mirror cubes with protective covers and seats for 
instrumental full-spheres installation on irradiators, reflec-
tors and opening mechanisms; 

Before tests the mass and position of center of masses 
of SC shall be defined. 

Test objective is to confirm storageability of output 
characteristics of SC after mechanical loadings impacts 
with qualification levels. 

Test tasks are: 
− application to SC of vibration loads (sinusoidal vi-

bration in three directions) with qualification levels; 
− responses of SC elements measurement in installa-

tion areas of accelerometers, in the course of mechanical 
vibration loads applications; 

− determination of transmission ratios of vibration  
acceleration to fastening assemblies of components. 

Vibration tests are carried out in the range from 20 Hz 
to 100 Hz inclusively.  

Test results are shown in fig. 5. 
Verification of finite element model. It is considered 

that in case of MAC-values of 0.8–0.9 experiment and 
calculation describe one situation. MAC-values above 0.9 
are reached in case of well correlated modes. The graphic 
result of MAC calculation for the considered FEM is pro-
vided in fig. 6. 

In the estimated MAC model values do not exceed 
0.69. These results testify the mismatch of the experiment 
and calculation. Adjustment of estimated FEM is required. 
Comparing of calculated and experimental data is 
provided in tab. 3. 

 

 
 

Fig. 5. AFC of acceleration responses on SC basic construction based on vibration test  
 

Рис. 5. АЧХ откликов виброускорений по результатам гармонических вибрационных испытаний конструкции корпуса КА 
 
 

Theoretical 
frequency Hz 

Experimental frequency Hz 

 
 

Fig. 6. MAC-identification of FEM and results of harmonic vibration tests of SC  
 

Рис. 6. МАС-идентификация собственных частот колебаний КЭМ  
и результатов гармонических вибрационных испытаний конструкции КА 
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If test results considerably (more than by 10 %) differ 
from FEM analysis results, then change of some model 
parameters (damping, distribution of masses, etc.), i. e. 
FEM adjustment is carried out. Adjustment is understood 
as specification of a number of FEM parameters (geo- 
metrical sections of beam elements, thickness of plates, 
elastic modules, rigidness and damping in local connec- 
tions, etc.) by results of comparing with the experimental 
data. 

Adjustments can be done in two ways: 
− “manual” adjustment of some model parameters;  
− change of model parameters on the basis of optimi-

zation task solution under selected criteria (level of oscil-
lation forms mismatch, frequency responses, etc.).  

The first way is simpler, however, results of adjust-
ment process are generally defined by the engineer intui-
tively. The second approach allows to receive the formal-
ized procedure of simultaneous change of selected model 
parameters in compliance with criteria. In case of all con-
struction it is convenient to carry out adjustment of FEM 
based on test results of sinusoidal influences of engineer-
ing model. The finite-element model specified at this 
stage is further used for a flight product model.  

The main stages of FEM adjustment procedure are as 
follows: at the end of processing procedures of engineer-

ing model test results and analysis, the experimental and 
analytical modal characteristics of FEM and those of the 
real product [10–15] are received. Modal characteristics 
are understood as frequencies and oscillation forms. It is 
necessary to note that adjustment is, as a rule, done based 
on sinusoidal influence test results. At the same time, 
forms of oscillations correspond to the accelerometers 
forms in installation areas. Comparing stage implies the 
assessment of differences between the experiment and the 
analysis in the form of specifically developed criteria. 
Further the step by step problem of minimization is 
solved: in case of failure to achieve the minimum, the step 
of model parameters adjustment is defined; and the pro-
cedure of calculation with the specified parameters is re-
peated. After that the calculation findings are compared 
with the experiment again. Iterations continue until the 
minimum with the specified error is achieved. Comparing 
test results and the modified FEM are provided in tab. 4. 

Under the results MAC for the FEM is calculated. The 
graphic result of calculation is provided in fig. 7. 

As can be seen from fig. 4 and according to calcula-
tion with formula (2), the MAC value is 0.95. This result 
says that estimated and experimental modes correlate well 
between themselves, and therefore, describe one situation. 

Table 3 
Comparing of calculated and experimental data 

 

Test results 
Title  

Frequency values With error 
Calculation results Δ, % 

35.83 
fx, Hz 34.12 

32.49 
29.98 12.13 

5.25 

fy, Hz 5.00 
4.76 

5.08 1.5 

5.08 

fz, Hz 5.53 
5.23 

5.13 7.23 

 
Table 4 

Comparing test results of “Express 100К” platform and modified FEM 
 

Test results 
Title  

Frequency value With error 
Calculation results Δ, % 

35.83 
fx, Гц 34.12 

32.49 
32.09 5.92 

5.25 

fy, Гц 5.00 
4.76 

5.02 0.40 

5.08 

fz, Гц 5.53 
5.23 

5.41 2.16 
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Theoretical 
frequency Hz 

Experimental frequency Hz 

 
 

Fig. 7. MAC-identification of adjusted FEM and test results 
 

Рис. 7. МАС-идентификация собственных частот колебаний  
откорректированной КЭМ 

 
Conclusion. Thus, the given verification technique 

allows to make effective adjustment of spacecrafts FEM. 
The model received under verification results enables 
effective assessment of SC behaviour already at the 
design stage. It allows to halve the time on vibration tests 
and to accelerate preparation of a product for launch, con-
firming durability and resourcefulness with mathematical 
calculations. 
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CALCULATION OF CHARACTERISTICS OF THERMOELECTRIC  
COOLING SYSTEM OF HEAT-LOADED ELEMENTS OF RADIO ELECTRONIC EQUIPMENT 
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Modern technologies make it possible to construct electronic devices that combine small sizes and high energy con-

sumption, which requires the optimization of thermal modes. A promising direction to improve cooling intensity of the 
heat-loaded element (HLE) and precision of temperature control is applying thermoelectric modules (TEMs), which 
endow the heat release system with a cooling function, i. e., allow to reach temperatures of the HLE below ambient 
temperature. In the present paper, the processes of heat transfer in thermoelectric system of cooling and temperature 
control (TESCTC) are comprehensively considered. The temperature field in the capacity of heat-distributing plate 
(HDP), and influence of the heat flux inhomogeneity on the HLE temperature increase have been defined. The results  
of operating modes calculations, taking into account the heat-power release of HLE, performance of TEM, parameters 
of HDP and cooler, and magnitude of thermal resistance of thermal contacts have been presented. The calculation 
method allows to determine the temperature of HLE and to optimize TESCTC modes to achieve maximum cooling effi-
ciency and lower energy consumption. It has been found that the optimal power supply current of TEM, corresponding 
to the modes with the maximum efficiency of cooling, depends on the thermal resistance of the heat sink system and the 
power of the heat load. 

 
Keywords: thermoelectric module, heat mode, heat-loaded element, cooling system, thermal resistance. 
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РАСЧЕТ ХАРАКТЕРИСТИК ТЕРМОЭЛЕКТРИЧЕСКОЙ СИСТЕМЫ ОХЛАЖДЕНИЯ  
ТЕПЛОНАГРУЖЕННЫХ ЭЛЕМЕНТОВ РАДИОЭЛЕКТРОННОЙ АППАРАТУРЫ  
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Современные технологии позволяют производить радиоэлектронные устройства, сочетающие малые раз-

меры и высокое энергопотребление, что обостряет проблему обеспечения оптимальных тепловых режимов. 
Перспективным направлением для повышения интенсивности охлаждения теплонагруженного элемента 
(ТНЭ) и точности терморегулирования является применение термоэлектрических модулей (ТЭМ), которые 
наделяют теплоотводящую систему функцией охлаждения, т. е. дают возможность достигать температу-
ры ТНЭ ниже значения внешней среды. Комплексно рассмотрены процессы теплообмена в термоэлектриче-
ской системе охлаждения и терморегулирования (ТЭСОТ). Определено температурное поле в объеме тепло-
распределяющей пластины (ТРП) и влияние неоднородности теплового потока на увеличение температуры 
ТНЭ. Представлены результаты расчета режимов работы с учетом мощности тепловыделения ТНЭ, рабо-
чих характеристик ТЭМ, параметров ТРП и кулера, величины термических сопротивлений тепловых контак-
тов. Расчетная методика позволяет определять температуру ТНЭ и проводить оптимизацию режимов ТЭ-
СОТ с целью достижения максимальной эффективности охлаждения и снижения энергозатрат. Установле-
но, что оптимальная сила тока питания ТЭМ, соответствующая режимам с максимальной эффективностью 
охлаждения, зависит от термического сопротивления системы теплоотвода и мощности тепловой нагрузки. 

 
Ключевые слова: термоэлектрический модуль, тепловой режим, теплонагруженный элемент, система  

охлаждения, термическое сопротивление. 
 
Introduction. The resource, operational stability and 

operating characteristics of the heat-loaded elements (HLE) 
of radio-electronic equipment significantly depend on their 

temperature condition, so in case of increase in working 
temperatures from 20 to 60 °C equipment failure rates 
increase more than twice [1]. The perspective direction 
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for cooling and temperature control of HLE is the use of 
thermoelectric modules (TEMs). Thermoelectric system 
of cooling and temperature control (TESCTC) possess  
a list of advantages in comparison with other cooling sys-
tems, namely: possibility of smooth temperature control  
in rather broad range by changing of value and direction 
of supply current TEM; minor thermal inertness; high 
reliability; absence of moving parts; compactness and 
small weight; quietness of operation. TESCTC are effec-
tively used for cooling of both miniature objects and large 
volume refrigerators [2–6].      

Construction and characteristics of the cooling sys-
tem. HLE 1 is considered to be a TESCTC widespread 
type applied to cooling, construction with heat distribut-
ing plate (HDP) 2, TEM 3 and a cooler 4 (fig. 1). HDP  
is necessary for alignment of thermal power distribution 
arriving from HLE on TEM surface. At the same time 
TEM performs the function of a thermal pump transfer-
ring heat from the cold side to the hot. The cooler re-
moves the total thermal power produced by both HLE and 
TEM to the external environment. These elements of the 
system have thermal contacts on the boundaries. On the 
areas of contact surface A the cooler removes heat to the 
external environment having temperature Т0. The bound-
ary of B corresponds to the contact surface of the cooler 
with the hot side of HLE which temperature is described 
by average value of Т2. The cold side of HLE (B surface) 
has average temperature of Т1. HLE seat (D surface) is 
characterized by average value of temperature Тe. In case 
of HLE suspension from the considered construction, the 
normal heat-eliminating system, which is widely applied 
to HLE cooling, for example, in the computer equipment, 
is widely used. 

Typical options of temperature distributions which can 
be implemented in TESCTC are given in fig. 2. Ambient 
temperature Т0 is the original value directly influencing 
HLE seat temperature. For the normal heat-eliminating 
system temperature value Тe of HLE seat certainly ex-
ceeds Т0 value, increase in temperature is assured due to 
the temperature fluctuations caused by thermal resistance 
of HLE and cooler (line 4). The negative temperature 
drop made by HLE allows to reduce temperature Тe, 
which in this case can either exceed value of Т0 (line 2), 
or be lower than this value (line 1). Under certain condi-

tions influence of own heat release of HLE can on the 
contrary lead to its additional heating (line 3), not cooling. 
When analyzing efficiency of HLE cooling, basic operat-
ing characteristics of HLE are used; they can be calcu-
lated [7] or received from the vendor. In the present re-
search the influence of HDP thermal resistance, cooler 
and thermal contacts on characteristics of thermoelectric 
cooling and HLE temperature are studied. HLE tempera-
ture is determined by the ambient temperature and the 
sum of temperature drops of all  construction elements. 
During calculations temperature drops were calculated 
gradually at first in configuration “TEM-cooler”, then  
in HDP in terms of thermal influence of HLE and TEM. 
The analysis of TESCTC characteristics is carried out on 
the example of serial TEM of NPO “Kristall”. 

Temperature calculation of the heat-loaded element. 
Values and temperature drop ratio depend on operating 
characteristics and parameters of all TESCTC construc-
tion elements and their cross impact [8–11]. In TESCTC 
in case of heat exchange of TEM with an external envi-
ronment from its hot side, it is necessary to remove the 
total thermal power developed by HLE and TEM, which 
is, as a rule, considerably higher than HLE power due to 
rather low refrigerating coefficient of TEM. It causes the 
corresponding growth of temperature drop on thermal 
contacts and the cooler, which, as a result, leads to lower-
ing of cooling efficiency. The difference of temperatures 
ΔT0 between the cold side of TEM and the environment  
is determined from expression [11]  

0 1 0 TEM
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( )

 ( , ) ( , ),
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s s

T T T R Q W T

R Q R U I Q I T I Q
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here T1, T0 – temperature values of the hot side ТEМ and 
environment; Rs – total thermal resistance of the cooler 
and its thermal contact with ТEМ; Q, W – heat release 
capacities of HLE and natural energy consumption of 
ТEМ; ΔTTEM = T2 – T1 – temperature drop between the 
cold and hot sides of ТEМ; U, I – power and current in-
tensity of power supply of ТEМ. Operating characteristics 
of ТEМ from the manufacturer Q(ΔTTEM) and U(ΔTTEM) 
are basic data for dependences determination U(I, Q)  
and ΔTTEM(I, Q) and further calculation ΔT. The method 
of dependences calculation is presented in [10; 11]. 

 

 

 

 
 

Fig. 1. Thermoelectric cooling system 
 

Рис. 1. Схема термоэлектрической системы охлаждения 

 

Fig. 2 Temperature distribution in the cooling system 
 

Рис. 2. Распределение температуры в системе охлаждения 
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Dependences of the cold side temperature drops of 
ТEМ and the environment on the power consumption 
under Q = 40 W and Rs = 0.1, 0.3 and 0.5 К/W are pre-
sented in fig. 3 for ТEМ “S–127–14–11” (solid lines) and 
“S–199–14–11” (broken lines), having maximum refrig-
erating values 79.3 and 124.2 W. Negative values ΔT0 
correspond to the modes, in which cold side temperatures 
of ТEМ are lower than ambient temperature. Temperature 
drop values ΔT0 considerably depend on Rs, variation  
interval of values ΔT0 for the fixed W within the range of 
Rs = 0–0.5 K/W averages at about 55–60 °C. For the given 
dependencies presence of least values is typical. This least 
values correlate with the best values of energy consump-
tion W, under which the maximum cooling of HLE can be 
achieved. When increasing Rs from 0.1 to 0.5 K/W these 
values W fall from 103 W to 38 W for ТEМ “S–127–14–11” 
and from 120 W to 37 W for ТEМ “S–199–14–11”.  

For temperature drop losses in HDP measurement 
mathematical model based on numerical solution of the 
three-dimensional equation of heat conduction is used 
with regard to the load characteristic of TEM:  

2 2 2

2 2 2
,v

T T T T
c

t x y z

    
          

 

where c, ρ, λ – specific heat capacity, density and heat 
conduction coefficient of material; T – temperature;  
t – time; x, y, z – spatial coordinates. Values c, ρ and λ  
in all estimated area had constant values corresponding  
to copper. HDP sizes were equal in cross x and y direc-
tions were equal to TEM 40×40 мм2 overall dimensions, 
in z direction its thickness δ varied. The HLE seat was set 
in the center of HDP’s upper surface in the form of a 
square with side a. On the upper and lower boundaries of 
HDP inhomogenuity of heat fluxes, caused by influence 
of HLE and TEM was considered. To solve this equation 

the method of total approximation with splitting of the 
task into spatial coordinates [12] was applied.  

Based on calculations distributions of temperature 
HDP with different values of its thickness δ and HLE size 
a were obtained. The integral parameter characterizing 
heat-transmitting ability of HDP is the thermal resistance 
of R. Quantitative thermal resistance is calculated as the 
relation of average temperatures of HLE seat difference 
and the bottom surface of HDP to the transferred thermal 
power, where time value  R depends both on heat conduc-
tion of HDP material and  HLE and HLE sizes. Depend-
ences R on thickness of copper HDP are shown in fig. 4 
for different values a, curves 1, 2, 3, 4 and 5 correspond 
to values 22.5, 17.5, 12.5, 7.5 and 2.5 of mm. Based on 
values of thermal resistance R and power of heat release 
of HLE, Q value of temperature drop on HDP is defined 
by the expression ΔTHDP = RQ. The figure shows that the 
range of best values δ makes approximately from 3 mm 
where a = 22.5 mm up to 5 mm where a = 2.5 mm. Opti-
mization of HDP parameters allows to minimize tempera-
ture drop and as a result to reduce HLE temperature.  
Besides, calculations proved that inhomogenuity of the 
temperature field of TEM cold side leads to essential  
increase in thermal resistance of HDP compared to the 
case of isothermal heat-eliminating surface [13; 14]. This 
increase R is explained by the increase in average length 
of heat transmission in HDP capacity, caused by lower 
values of temperature on TEM edges. Lowering thermal 
resistance value and losses of HDP temperature drop can 
be assured by applying materials with higher coefficient 
of heat conduction or hyper heat-conducting plates (plane 
thermal pipes) in which high effective heat conduction  
is reached due to phase transformations of the heat carrier 
in case of movement in the porous environment [15; 16].  

 

 
 

Fig. 3. Dependences of the TEM cold side temperature drops and the environment  
on the power consumption under Q = 40 W and various values of Rs 

 
Рис. 3. Зависимости разности температур холодной стороны ТЭМ и окружающей  

среды от потребляемой мощности при Q = 40 W и различных значениях Rs 
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Fig. 4. Dependencies R(δ) for the cooper HDP, curves 1, 2, 3, 4 and 5  
correspond to a = 22.5, 17.5, 12.5, 7.5 and 2.5 mm 

 
Рис. 4. Зависимости R(δ) для медной ТРП, кривые 1, 2, 3, 4 и 5  

соответствуют a = 22.5, 17.5, 12.5, 7.5 и 2.5 мм 
 
Thus, the considered two-step algorithm allows to 

calculate HLE temperature. At the first stage temperature 
of the TEM cold side is determined by calculation of total 
temperature drop in the “cooler – TEM” system with 
regard to the HLE thermal power, operating 
characteristics of TEM, cooler thermal resistance and 
thermal contacts, ambient temperature. Then temperature 
drop in HDP is calculated and based on HDP temperature 
distribution on the upper boundary of HDP with regard to 
the thermal resistance of heat contact on its seat, 
foundation temperature is determined. Final expression 
for average temperature of HLE seat calculation has the 
following appearance 

0 0 .   eT T T RQ  

Under the known internal thermal resistance of HLE 
(information of the vendor) its influence is considered the 
same way, herewith the temperature of the semiconductor 
crystal, located in the HLE case, will be defined.  

Conclusion. In the present paper heat exchanging 
processes in TESCTC are considered; the algorithm 
allowing to carry out calculation of HLE temperature and 
TESCTC modes optimization to increase cooling 
efficiency of HLE and lowering of TEM energy 
consumption are provided. It is stated that the value  
of effective power consumption of TEM corresponding  
to the modes with maximum cooling efficiency depends 
on the thermal resistance of the cooler and power of HLE 
heat release. 
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The present paper describes an FPGA design of a camera-to-touchscreen demonstrator that has been prepared  

using Xilinx Vivado 2015.2 and SDK 2015.2 tools. The demonstrator consists of MicroZed 7020 Carrier Board, Avnet 
7-inch Zed Touch Display and Avnet Toshiba Industrial 1080P60 Camera Module. The camera transmits a full HD 
video signal at 60 frames per seconds to MicroZed 7020 board, which processes it and sends to the LCD display with 
active area of 800×480 pixels. As the display has smaller resolution, only a fragment of the whole video frame can be 
seen at once on the display, whereas the full image is stored in the memory. By touching the screen one can travel along 
the stored video frame and look through the whole image. The design can be used, for example, as a car rear view  
mirror monitor benefiting from touchscreen technologies. 
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Описывается проектное решение передачи сигнала с камеры на сенсорный дисплей. Данное решение разра-

ботано на основе ППВМ-технологии с использованием программного обеспечения Xilinx Vivado 2015.2 и SDK 
2015.2. Демонстратор, представленный в работе, включает плату-носитель MicroZed 7020, 7-дюймовый сен-
сорный дисплей от компании Avnet и промышленную камеру Toshiba 1080Р60 от компании Avnet. Камера пере-
дает full HD видеосигнал со скоростью 60 кадров в секунду на плату MicroZed 7020, которая обрабатывает 
видеосигнал и посылает его на ЖК-дисплей с активной площадью 800×480 пикселей. Поскольку разрешение 
дисплея меньше, чем разрешение камеры, на дисплее отображается только фрагмент целего видеокадра,  
тогда как полное изображение сохраняется в памяти на плате. Просмотреть целое изображение возможно, 
перемещаясь по сенсорному экрану при помощи касания, просматривая отдельные фрагменты изображения. 
Данное проектное решение может быть использовано, например, в качестве монитора заднего вида в авто-
мобиле, тем самым извлекается польза из сенсорных технологий. 

 
Ключевые слова: Zynq, ППВМ, сенсорный дисплей, камера, full HD, SDSoC. 
 
Introduction. Touchscreen technology has steadily 

come into our life. It is hard to imagine that only a few 
decades ago it was something unattainable. From the first 
finger-driven touchscreens invented by E. A. Johnson in 
1965 and development of resistive and capacitive touch-
screens to the latest optical touchscreen technology based 
on detection of an object’s shadow, it did not passed 
much time [1; 2]. However, the rapid development of 
touchscreen technologies due to a large interest in this 
area is obvious. There is a growing number of devices 
that benefit from it: smartphones, tablets, computer moni-
tors, eBook readers, game devices, GPS navigators etc. 
The touchscreens are foreseen to be used also in home 
appliances. The researchers continue working on the 
touchscreens that will use so called “microfluid” techno- 

logy, where buttons rise up due to the fluid pressure  
on the covered layer when the keypad is in use [2]. 

The present paper aims at describing a field-
programmable gate array (FPGA) design, which demon-
strates one of the applications the touchscreen technology 
can be used for. 

The design is based on two demonstrators available at 
Avnet’s webpages. The first one, Toshiba TCM3232PB 
Frame Buffer Design Tutorial, shows the reference design 
for using Toshiba camera and getting the HDMI output. It 
describes step-by-step process how to setup the Toshiba 
camera module and run a simple design that initializes the 
image sensor and HDMI output interface and implements 
a frame buffer in the programmable logic (PL) I/Os [3]. 
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The second design is ALI3 Display Reference Design 
demonstrating the capabilities of touchscreen display  
and presenting simple interactive GUIs, which can serve 
as a start point for more complex applications [4]. 

However, there is no design available at Avnet, which 
would send a video stream from camera to a display with 
touchscreen capabilities, so that an end-user could provide 
some actions with an image he/she sees on the display. 

This work is aimed at combining two example designs 
from Avnet mentioned above in a way that it would be 
possible to receive a cropped image from Full HD camera 
on a WVGA display and observe the whole scene by 
moving the image, thus, benefiting from touchscreen 
technology. 

Briefly speaking the present design illustrates how  
to get a video signal from a full HD camera (1920×1080 
pixels) to WVGA LCD display with an active area of 
800×480 pixels. A video frame is transmitted by the cam-
era at 60 fps with pixel clock 148.5 MHz to MicroZed 
7020 board. The board processes the signal and sends  
it to the LCD display working at pixel clock 33.33 MHz. 
The output signal is in RGB format. The smaller display 
resolution results in video cropping. Thus, only a frag-
ment of the whole frame is seen on the display, whereas 
the full image is stored in the memory. By touching the 
screen one can move the image and look through the 
whole picture. 

The scene of interest can be then zoomed if extending 
the presented design with two finger interaction and zoom 
capabilities. The design can be used as a car rearview 
mirror or for home door entry applications. 

Moreover, it is worth to note that the camera-to-
touchscreen design benefits from FPGA technology. 
FPGA is an integrated circuit enabling a designer to con-
figure it after its manufacturing. It is widely used  
in common embedded applications. To create an FPGA 
design, Xilinx tools – Vivado 2015.2 for a hardware part 
and SDK 2015.2 for the software – are required. 

Methodology. The camera-to-touchscreen design  
described in the paper is created using the following HW 
components: 

1. MicroZed Embedded Vision Carrier Card and  
MicroZed 7020 board with a processing system with  
two Cortex A9 cores and a 28 nm programmable logic.  
It includes two DDR3 memory components totaling 1GB 
of random access memory [3; 4]. 

2. Avnet Toshiba TCM3232PB full HD color image 
sensor capable of delivering a video signal at 60 fps. Two 
technologies are implemented there: High Dynamic 
Range (HDR) technology and Color Noise Reduction 
(CNR) technology [3]. 

3. Avnet 7-inch WVGA TFT-LCD display with an  
industrial projective capacitive touch sensor. The display 
has an active area of 800×480 pixels, frame rate of 60 Hz, 
pixel rate of 33.33 MHz and pixel format 24 bits RGB [4]. 

The hardware design is prepared in Xilinx Vivado 
2015.2. This software is purposed for synthesis and 
analysis of HDL designs and suitable for system on a chip 
(SoC) development as well as for high-level synthesis, 
which enables C, C++ and SystemC programs to be  
directly targeted into Xilinx devices without manually 
creating RTL. 

Using IP Integrator and a list of available IP cores the 
hardware design has been created. The IP cores used  
in the design are shown in fig. 1. 

The camera sends frames coded in Bayer matrix,  
received by TCM receiver at 24 MHz. These frames pass 
through Color Filter Array Interpolation (CFA) and Color 
Correction Matrix (CCM) blocks. 

CFA aims at reconstructing the missing color compo-
nents of an image obtained from an RGB or CMY Bayer 
filtered sensor by means of interpolations using informa-
tion from neighboring pixels. This process is called CFA 
demosaicing [5]. In the present design it also converts  
a video signal to RGB color space. 

CCM is used for adjusting white balance, color, 
brightness or contrast in an image. It multiplies the pixel 
values with some coefficients, which strengthen or 
weaken them. Mathematically it is expressed as a 3×3 
matrix multiplication. The weights in equation define a 
color-correction matrix. The example of color-correction 
matrix for RGB data can be seen below. For more infor-
mation refer to [6]. 

11 12 13 1

21 22 23 2

31 32 33 3

,
C

C

C

R K K K R O

G K K K G O

B K K K B O

      
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where RC, GC, BC are corrected colors for RGB input data; 
Kn are weights; On are offsets used for achieving black 
levels [6]. 

Video Direct Memory Access (VDMA) writes to and 
results from DDR3 24-bit RGB frames. This core  
provides handling three frame buffers with internal lock 
between them to avoid image tearing. VDMA output is 
sent to Video Out block to map video data on output tim-
ing coming from Video Timing Controller (VTC). ALI3 
Controller passes the video signal through physical inter-
face to display with 33 MHz pixel clock. Communication 
between the blocks runs at clock rate of 150 MHz, while 
peripheral configurations use 100 MHz clock speed. The 
Zynq processing system performs the whole video chain 
initialization. The image processing operations are ful-
filled outside the processor. It contributes to fast function-
ing of the system. To detect touches on display the system 
uses interrupts. The interrupt routine analyzes it and per-
forms appropriate actions (a video frame shift in certain 
direction on the display). 

The next step after finishing the design is to validate 
it. The validation process helps to find the errors in the 
design that could prevent the hardware from working 
properly. The most frequent errors can appear in connec-
tions between blocks or in parameter settings for individ-
ual blocks. 

If validation is successful, then so called HDL (Hard-
ware Description Language) wrapper can be generated.  
It is basically a top-level description of the system. The 
synthesis process in its turn will generate all source files 
for the IP blocks as well as any relevant constraints files. 

After design implementation, i. e. placing and routing 
the netlist onto the FPGA device resources, and genera-
tion of a bitstream file with configuration data for imple-
mentation in the PL, the building of the hardware image  
is complete and the hardware platform can be exported  



 
 
 

Сибирский журнал науки и технологий.  Том 19,  № 1 
 

 24

to SDK (Software Development Kit) environment, where 
different software applications can be created. 

As a basis for software development of camera-to-
touchscreen application the previously mentioned designs 
from Avnet are used [3; 4]. 

Results. The complete camera-to-touchscreen demo 
kit can be seen in fig. 2 [7]. Its components are the same 
as it was described in previous chapters. 

The resultant software is programmed in such a way, 
that it enables to transfer a full HD image from TCM  
receiver to touchscreen LCD display with resolution 
800×480 pixels at frame rate 60 fps. By touching the 
screen we can see the whole picture part by part. After 
interrupt occurs, the processor knows that a touch event 
has taken place and evaluates the concurrent touch events 

in a way, that it saves X and Y coordinates of two concur-
rent events, and makes subtraction: X = X2 – X1, resp.  
Y = Y2 – Y1. If there is 0 for some axis, then there will be 
no movement in this direction. If X is a non-zero  
variable, the image will move for 40 pixels left or right  
depending on a variable sign. The same is valid for Y, but 
the shift is down/up. The directions of movement are 
similar one has in his touchscreen mobile phone [7]. The 
number of pixels for moving in each direction has been 
taken optionally after testing image incremental move-
ment. The chosen number is optimal for demonstrating 
the capabilities of the design, but it can be changed if nec-
essary. The example of the camera-to-touchscreen demo 
functioning is shown in fig. 3. 

 

 
 

Fig. 1. Hardware block diagram 
 

Рис. 1. Диаграмма аппаратного блока 
 

 
 

Fig. 2. Complete camera-to-touchscreen demo kit 
 

Рис. 2. Демонстрационный вариант Full HD камеры 
 

 
 

Fig. 3. Example of SW application 
 

Рис. 3. Пример применения программного обеспечения 
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Discussion. The present design demonstrates a cam-
era-to-touchscreen technology, which can be used for 
different applications. 

It can be complemented with more sophisticated de-
signs such as face detection, vehicle recognition, edge 
detection, optical flow designs and many others. For these 
purposes the SDSoC (Software-Defined System On Chip) 
environment is a good tool to use. 

The SDSoC is a system compiler, which targets a base 
platform and is capable to compile C/C++ functions into 
programmable logic. The system compiler works one 
level above the Vivado HLS compiler. After analyzing  
a program and determining the data flow between soft-
ware and hardware functions, it generates an application 
specific SoC including a complete boot image with firm-
ware, operating system, and application executable. Com-
pilation itself is performed by the Xilinx HLS compiler. 
HLS compiles the transformed C/C++ to the HDL code. 
The HDL code and the corresponding cores are automati-
cally packed into the IP-XACT format and serve as input 
for Vivado IP integrator. The Xilinx SDSoC environment 
also automatically generates compatible data-mover  
IP-cores and the interface IP-cores for the programmable 
logic part of the ZYNQ device. This can result in auto-
mated generation of new SoC system with new HW  
accelerators, which replace the original SW based system. 
It can reduce the energy per pixel in case of video proc-
essing algorithms [8]. 

It is also worth to note that the SDSoC system  
includes OpenCV libraries, which comprise different 
mathematical functions such as Gaussian, Median, Bilat-
eral, Canny edge detection, SVM, LK Optical Flow and 
etc. [9] 

Moreover, there is still a space for improvements and 
optimization for the presented design. One of the direc-
tions for improvement is to solve the problem of a false 
touch event registration, which was not fully managed in 
the present demonstrator. Though the design functions 
satisfactory for demonstration purposes, in future it would 
be desirable to get rid of these errors by making more 
precise calibration and, perhaps, by implementing some 
additional filtering. 

Besides, the display supports two finger touches and 
gesture recognition. It means that there is a possibility to 
use the image scaling in a way we are used to making it in 
our mobile phones. This function could be a useful exten-
sion of the presented demonstrator bringing further bene-
fits for some applications including, e. g., home entry 
systems or car in-cabin systems. 

There are also other possibilities, which can be profit-
able for some applications. For example, it is possible to 
connect one more block, on Screen Display block, in the 
hardware design, that enables alpha blending and compo-
sition of external video inputs. It supports several layers, 
so the user can configure multiple input video sources. 
Each video source layer can be displayed at different 
cropped sizes, positions, and transparency [10]. 

Conclusion. The present paper describes camera-to-
touchscreen-display design, which allows getting a full 
HD image from camera module and sends it to 800×480 
display, so that on display there is only a part of the whole 
image, but the full image is stored in memory. We can see 

the whole image part by part by touching display and so 
moving the image right/left or/and up/down. The mathe-
matical models are a part of system generation process 
and are hidden in the separate blocks of the design. The 
design can be also complemented with complex mathe-
matical functions for edge detection, optical flow or image 
recognition applications using the SDSoC environment, 
which compiles C/C++ functions for the target platform. 

The present design is based on two original designs 
for the camera and for the display from Avnet, Inc. How-
ever, the Avnet’s designs do not allow getting the image 
from camera to display and move along it as it was  
described in the present article. 

In this paper the principle of design was presented in 
more details. Besides, this paper summarizes the strengths 
and drawbacks of the design, and names some other pos-
sibilities and space for improvements as, for example,  
to get rid out of false detection of touch events, to add an 
image scaling or even to use On Screen Display and bene-
fit from several layers for multiple input video sources,  
to use complex algorithms for edge detection and image 
recognition capabilities and etc. 

Such kind of displays can be used as a car rear viewer 
with more functionality or, for example, in home entry 
systems. The application field of such displays can be 
quite broad and is not limited by above mentioned exam-
ples. There is a space for engineers’ imagination. 
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An effective numerical method for calculating linearly elastic multilayer cylindrical shells under static loading  
implemented on the basis of Finite Element Method (FEM) procedures using the multilayer curved Lagrangian multi-
grid finite elements (MFE) of the shell type was proposed. Such shells are widely used in rocket-space and aircraft  
engineering. MFE are developed in local Cartesian coordinate systems based on small (basic) shell partitions that take 
into account their heterogeneous structure, irregular shape, combined loading and fixing. The stress strained state 
(SSS) in the MFE was described by the equations of the three-dimensional elasticity problem without using the addi-
tional kinematical and static hypotheses, which allow one to use MFE for the shells of various thicknesses to be calcu-
lated. The procedure of constructing the Langrage polynomials in local curvilinear coordinate systems used to develop 
the shell MFE is presented. The displacements in the MFE were approximated by the power and Lagrange polynomials 
of different orders. When constructing a n -grid finite element (FE), n ≥ 2, n-nested grids were used. The fine grid was 
generated by the basic partition of the MFE; the other (coarse) grids were used to reduce its dimension. According  
to the method, the nodes of the coarse MFE grids are located on the common boundaries of the different modular layers 
of the shell. The proposed law of the expansion in the number of discrete models using MFE with a constant thickness, 
multiple of the shell thickness, provides a uniform and rapid convergence of approximate solutions, allowing one  
to frame solutions with a small error. Multigrid discrete models have 103…106 times less unknown MFE than the basic 
ones. The implementation of the MFE for multigrid models requires 104…107 times less computer storage space than 
for the reference models, which allows one using the proposed method to calculate some large shells. An example of 
calculating a multilayer cylindrical local loading shell of irregular shape was given. In the calculation, three-grid shell – 
type FE, developed on the basis of the reference models having from 2 million to 3.7 billion of the nodal MFE unknowns 
were used. To study the approximate solution convergence and error, a well-known numerical method was used. 
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Предложен эффективный численный метод расчета линейно-упругих многослойных цилиндрических оболо-

чек при статическом нагружении с применением многослойных криволинейных лагранжевых многосеточных 
конечных элементов (МнКЭ) оболочечного типа. Такие оболочки широко используются в ракетно-космической 
и авиационной технике. МнКЭ проектируются в локальных декартовых системах координат на основе мелких 
(базовых) разбиений оболочек, которые учитывают их неоднородную структуру, сложную форму, сложное 
нагружение и закрепление. Напряженное деформированное состояние в МнКЭ описывается уравнениями 
трехмерной задачи теории упругости без использования дополнительных кинематических и статических  
гипотез, что позволяет применять МнКЭ для расчета многослойных оболочек различной толщины. Показана 
процедура построения в локальных криволинейных системах координат полиномов Лагранжа, которые приме-
няются при проектировании оболочечных МнКЭ. Перемещения в МнКЭ аппроксимируются степенными  
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и лагранжевыми полиномами различных порядков. При построении n -сеточного конечного элемента (КЭ),  
n ≥ 2, используют n  вложенных сеток. Мелкая сетка порождена базовым разбиением МнКЭ, остальные n – 1 
(крупные) сетки применяются для понижения его размерности. В предлагаемом методе узлы крупных сеток 
МнКЭ расположены на общих границах разномодульных слоев оболочки. Закон измельчения дискретных моде-
лей, в которых используются МнКЭ с постоянной толщиной, кратной толщине оболочки, порождает равно-
мерную и быструю сходимость приближенных решений, что дает возможность строить решения с малой 
погрешностью. Многосеточные дискретные модели имеют в 103–106 раз меньше узловых неизвестных, чем 
базовые. Реализация метода конечных элементов (МКЭ) для многосеточных моделей требует в 104–107 раз 
меньше объема памяти ЭВМ, чем для базовых, что позволяет использовать предложенный метод для расчета 
оболочек больших размеров. В приведенном расчете многослойной цилиндрической оболочки сложной формы, 
имеющей локальное нагружение, используются оболочечные трехсеточные КЭ, построенные на базовых моде-
лях, которые имеют от 2 миллионов до 3,7 миллиарда неизвестных МКЭ. Для анализа сходимости приближен-
ных решений используется известный численный метод.  

 
Ключевые слова: упругость, цилиндрические оболочки, композиты, многосеточные конечные элементы 

оболочечного типа, полиномы Лагранжа, малая погрешность. 
 
Introduction. Finite Element Method (FEM) [1; 2]  

is widely used in the study of stress strained state (SSS) of 
elastic shells [3–6]. In the calculation of shells, construct-
ing the curvilinear finite elements (FE) causes various 
difficulties [3], in particular, related to the fulfillment  
of conformality conditions, which is necessary for the 
convergence of finite element solutions [7]. These dif- 
ficulties are largely due to the fact that to reduce the order 
of equations in the theory of shells, hypotheses are intro-
duced, that impose certain restrictions on the fields of 
displacement, strain and stress [8–14], which generates 
irreducible errors in solutions and limits the applications 
of these theories. For example, in the work [15; 16] three-
dimensional finite elements are considered with a given 
distribution of displacements through the thickness, given 
the compression of the shell. In the work [17] the review 
of the basic options of use of FEM for calculation of 
composite plates and covers in two-dimensional statement 
is presented. The attempts to calculate composite cylin-
drical shells with application of FE in the formulation of 
the three-dimensional problem of elasticity theory with 
account of their structure leads to systems of linear alge-
braic equations (SLAE) of the finite element method of 
high order (more 106). Application for such discrete shell 
models of calculation of ANSYS, NASTRAN etc. [3] is 
difficult. In addition, the solution obtained for the systems 
of high-order FEM equations contains a computational 
error, which is difficult to determine the exact value.  

In this regard, there is a need to develop such variants 
of FEM, in which the composite cylindrical shell is con-
sidered in a three-dimensional formulation, but which 
lead to SLAE of a low order in compliance with the per-
missible level of SSS error values. In the works [18–20] 
calculations of composite cylindrical panels and shells 
with the help of multigrid finite element (MFE) are car-
ried out, that was constructed using power polynomials.  

In this paper, we propose an efficient numerical 
method of calculating linearly elastic multilayer cylindrical 
shells using a multilayer curvilinear Lagrangian MFE. 
Constructing n net finite element (FE), 2n  , n of enclosed 
grid is used. Small grids are made by basic splitting of MFE, 
the other 1n   (larger) grids are used to reduce its dimension. 
The aim of this work is to develop Lagrangian curved 
multilayer shell-type MFE. A procedure for constructing 

Lagrange polynomials of different orders in local curvilinear 
coordinates is proposed. In constructing approximate  
solutions a multi-layer Lagrangian, MFE shell with a con-
stant thickness, a multiple of the thickness of the shell is 
used. The order of the Lagrange polynomial in thickness  
is taken by a multiple to the number of shell layers. Cal-
culations show that the arrangement of nodes of large 
MFE grids on the common boundaries of different-
modular shell layers provides homogenous and fast con-
vergence of sequences of finite-element solutions, which 
allows to construct approximate solutions with low error. 
The proposed MFE are effective in calculating the SSS  
of multilayer cylindrical shells of different thicknesses, 
especially in the calculation of thin shells having a com-
plex shape, the complex nature of the fixations and loads. 
Multilayer shells are widely used in rocket-space and 
aviation technology.  

The advantages are as follows. Multilayer Lagrangian 
shell MFE: 

– take into account the heterogeneous structure of the 
shells;  

– describe the three-dimensional stress state in multi-
layer shells;  

– form multigrid discrete shell models, the dimension 
of which is much smaller than the dimensions of the base 
models; 

– generate the numerical solution with fast conver-
gence to accurate, which allows us to construct solutions 
with a small error. 

Calculations show that application of the FEM for 
multigrid discrete models requires 103–107 time less  
computer memory than the base models need. The im-
plementation of the proposed method on single-processor 
computers requires a small amount of time. To analyze 
the convergence of approximate solutions constructed for 
the initial problem, we use the well-known numerical 
method [2]. The implementation of this method is per-
formed by constructing a sequence of approximate solu-
tions for a similar test problem using MFE, which are 
used in solving the original problem. An example of cal-
culating a 4-layer shell of complex shape using 4-layer 
Lagrangian shell three-grid FE is given. The results of the 
calculations show the high efficiency of the application  
of the proposed three-grid FE. 
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1. Homogeneous curvilinear single-grid FE. The 
procedure for constructing curvilinear homogeneous sin-
gle-grid FE, which form a basic discrete model of the 
shell, is briefly considered as the example of FE eV

 
of the 

1st order, located in the local Cartesian coordinate system 

1 1 1 1O x y z  (fig. 1). For FE eV
 

designations are given: 
e e e
x y zh h h   – characteristic sizes, 1 1 1z O y  – a symmetry 

plane, cd  – an axis of a shell, 1
eR  ( 2

eR ) – radius of curva-

ture of the bottom (top) surface, e
zh  – thickness, e

yh  – 

length, 1
e e
x eh R  , e  – an opening angle. The shape of 

the FE eV
 
is a straight prism with height .e

yh  Deformation 

of FE eV  is described by the equations of the three-

dimensional problem of the theory of elasticity [1], shown 
in coordinate system 1 1 1 1.O x y z  Using a first order poly-

nomial (in the coordinate system 1 1 1 1O x y z ), for FE
 eV   

we define the stiffness matrix 1
eK    and the nodal force 

vector 1
eP  with formulas [1; 2] 

 

1

1

     [ ] [ ] [ ][ ] ,

[ ] [ ] ,

e

e e

T
e e e e

V

T T
e e e e e

V S

K B D B dV

N dV N dS



 



 P F q
 (1) 

where [ ]eB , [ ]eD  are the matrix of differentiation and 

modules of elasticity of the FE eV ; ,eF  eq
 
are the volume 

and surface forces vectors FE eV ; [ ]eN  is the matrix of shape 

functions; eV , eS  are the area and the surface of the FE eV . 

 

 
 

Fig. 1. Single-grid FE eV  

 
Рис. 1. Односеточный КЭ eV

 
 
Note that the continuity of displacements is violated 

on the curvilinear boundaries of the FE eV  (fig. 1). How-

ever, as it’s known [21], the implementation of continu-
ous displacements at the boundaries of curvilinear FE is 
not a necessary condition for convergence of numerical 
solutions to the exact one. Calculations show that when 

the characteristic sizes of curved homogeneous FE eV  

decrease, the numerical solutions converge to the exact 
ones. Procedures for the construction of homogeneous 
curvilinear single-grid FE of 2nd and 3rd order, which are 
geometrically similar to the form of FE eV  (fig. 1), are 

analogous to the procedure in § 1. 
2. Multilayer curvilinear Lagrangian two-grid FE 
The procedure of constructing multilayer curvilinear 

two-grid FE (TGFE) with the use of Lagrange polynomi-
als is considered with the example of a three-layer TGFE

 
aV  of the 3rd order with its thickness equal to h that is 

used in the calculation of 3-layer shells with the thickness 
h. In the calculation of m-layer shell m-layer Lagrangian 

TGFE of m-order in thickness are used. TGFE is located  

in a local Cartesian coordinate system 2 2 2 2O x y z  (fig. 2), 

its dimensions are a a
x yh h h  , h – thickness, a

yh  – length. 

Suppose that the bonds between the components of the 
inhomogeneous structure of TGFE are ideal. Basic parti-
tioning of aR  TGFE, which consists of a homogeneous 

curvilinear FE eV
 
of the 1st order (fig. 1), takes into  

account in TGFE inhomogeneous structure, a complex type 
of loading and fastening, and generates a small curvilinear 
grid ah , 1,  ...,e M , M  is the total number of FE eV . 

On the grid ah  we define the large curvilinear grid 

a aH h , TGFE, the nodes of this grid are marked with 

dots, 64 nodes in fig. 2. Note that the nodes of the large 
grid aH  lie on the common boundaries of different-

modular layers TGFE (fig. 2), in general they have differ-
ent thickness. Suppose the axis 1 1O y  (fig. 1) is parallel to 

the axis 2 2O y  (fig. 2). Thus we can use a formula of relation 

between the nodal displacement vectors 1
eδ  

,eδ  FE ,eV  

which correspond to the local Cartesian coordinate sys-
tems 1 1 1 1O x y z  and 2 2 2 2O x y z     

 1 [ ] ,e e eTδ δ  (2)  

where [ ]eT
 
is a square matrix of rotations [2], 1,  ..., .e M  

 

  
Fig. 2. Three-Layer TGFE

 аV  

 
Рис. 2. Трехслойный ДвКЭ аV  
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We consider the construction of Lagrange polynomi-
als in the local curvilinear coordinate system 2O   on  

a large grid aH  (fig. 2). Suppose that the node ( , , )P i j k  
of grid aH  (dimensions 1 2 3n n n   ) has coordinates i , 

j , k , in fig. 2 3i j  , 4k  . Note that 2y    for 

small opening angles а , TGFE we can see that 2x   , 

2z   . We have 

 2 ,x      2 ,y     2 .z    (3) 

The base function ijkN  for a node ( , , )P i j k  in the 

Cartesian coordinate system 2 2 2 2O x y z  using Lagrange 

polynomials 2( ),iL x  2( ),jL y  2( )kL z  [2] is written in the 

form of 

1 2

3

2 2 2 2 2 2

2 2, 2 2,
2 2

2, 2, 2, 2,1, 1,

2 2,
2

2, 2,1,

             ( , , ) ( ) ( ) ( ),

( ) ,   ( ) ,

                   ( ) ,

ijk i j k

n n
n n

i j
i n j nn n i n n j

n
n

k
k nn n k

N x y z L x L y L z

x x y y
L x L y

x x y y

z z
L z

z z

   

 



 
 

 






 



 (4)  

where 2,ix , 2, jy , 2,kz  are the coordinates of the node 

( , , )P i j k  in the coordinate system 2 2 2 2O x y z . 

For a point with a coordinate   lying on the cylindri-

cal surface of the radius R , we have R   ,   is the 

angle for the coordinate  , fig. 3. Considering (3) the 

ratio of the form R   , i iR    in (4), we obtain 

( , , ) ( ) ( ) ( )ijk i j kN L L L       , where ( )iL  , ( )jL  , 

( )kL   are the Lagrange polynomials, having the form 

 

1 2

3

1, 1,

1,

( ) ,    ( ) ,

                  ( ) .

n n
n n

i j
i n j nn n i n n j

n
n

k
k nn n k

L L

L

   

 

  
   

   

  
 

  

 


 (5) 

It is convenient to use Lagrange polynomials (5) in 
calculations. Displacement functions au , av , aw  TGFE, 

constructed on the grid aH  using Lagrange polynomials (5), 
are presented in the form of 

 
0

1

,
n

u
au N q 



     
0

1

n
v

av N q 


  ,    
0

1

n
w

aw N q 


  , (6) 

where uq , vq , wq , N  are displacements and shape 

function of the   node of grid aH , 0 1 2 3 ,n n n n
 
in the 

present case 0 64n   (fig. 2). 

Using (1), (2), the stiffness matrix [ ]eK  and the nodal 

forces vector Pe of FE
 eV  in the coordinate system 2 2 2 2O x y z , 

we present 1[ ] [ ] [ ][ ]T
e e e eK T K T , 1[ ]T

e e eTP P  [1]. The 

functional of the full potential energy Пa  of the basic 

partition of the aR  TGFE aV  can be written in the form of 

 
1

1
П [ ] .

2

M
T T

a e e e e e
e

K


   
 

 δ δ δ P  (7) 

Using small partitions aR , the functional (7) has  

a high dimension and generates a multinodal FE with a 
large number of nodal unknowns, which is not effective 
for practice. To reduce the dimension of the functional (7), 
we use the following procedure. Using (6), the vector  
of nodal displacements eδ  FE eV  is shown through the 

vector of nodal displacements aδ  of large grid aH  TGFE
 aV     

 [ ]a
e e aAδ δ , (8) 

where [ ]a
eA  is a rectangular matrix 1,...,e M .  

Substituting (8) in (7) and following the principle of 
the minimum of total potential energy for TGFE aV ,

 
П ( ) / 0a a a  δ δ  we obtain a ratio [ ]a a aK δ F  corre-

sponding to the equilibrium state of TGFE
 aV , where 

 1

[ ] [ ] [ ][ ]
M

a T a
a e e e

e

K A K A


  ,  
1

[ ] .
M

a T
a e e

e

A


 F P

 

(9) 

The matrix [ ]aK  is called the stiffness matrix, aF
 
is 

nodal forces vector of  TGFE
 aV . Note that the functions 

au , av , aw  are used only to reduce the dimension of the 

functional (7), the large grid aH determines the dimen-

sion of the TGFE
 aV , which is less than the dimension of 

the base partition aR . 

Note 1. By virtue of (8) the dimension of the vector aδ  

(i. e. the dimension of the TGFE
 aV ) does not depend on 

the M  which is the total number of FE eV  constituting 

the TGFE
 aV . Consequently, it is possible to use arbitrar-

ily small base partitions aR , which allows to take into 

account the heterogeneous and micro-homogeneous struc-
ture of the TGFE

 aV . 

Note 2. In formula (9), matrices [ ]eK , eP , [ ]a
eA

 
are 

constructed taking into account the curvilinear form of the 
base FE eV

 
(see formula (1)), which represent the region 

TGFE aV  geometrically accurately. Consequently, the 

matrices [ ]aK , aF
 

are also determined taking into  

account the curvilinear form of the TGFE
 aV . 

Note 3. The determination of the stresses in TGFE
 aV  

can be shown as follows. Let the vector aδ  be found. 

With the help of the formulas (8), (2) we find vectors eδ , 
1
еδ  nodal displacements of FE eV  ( 1,  ...,e M ) respec-

tively, in coordinate systems 2 2 2 2O x y z  and 1 1 1 1O x y z . 

Using vector 1
еδ  we count the tension in the FE eV  with 

algorithms of the finite element method [1; 2].  
Note 4. Lagrange polynomials are used in Lagrangian 

TGFE polynomials, determined by formulas (5), which 
have the order of the polynomial multiple of the number 
of layers in the thickness of the shell on the coordinate z  
(i. e.  ). The calculations show that the location of the 

nodes of the large grid aH  TGFE at the boundaries of 

heterogeneous layers provides a homogenous and rapid 
convergence of sequences of approximate solutions.  
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The procedures of constructing composite Lagrangian 
TGFE of n-order, geometrically similar to TGFE

 aV  (fig. 2), 

with the application of Lagrange polynomials of n -order, 
are similar to the procedure of § 2.  

Calculations show that by increasing the dimensions 
of the basic partitions of TGFE (i. e., by increasing the 
number M), the time spent on the construction of matrices 

][ aK
 
и aF  and formulas (9) significantly increase.  

In this case, it is advisable to apply 3-grid finite elements, 
for the construction of which less time is required and 
which generate the discrete shell model of lower dimen-
sion than TGFE.  

3. Multilayer curvilinear Lagrangian three-grid FE. 
The procedure of constructing curvilinear three-grid 

FE (ThGFE) with the use of Lagrange polynomials is 
considered by the example of a six-layer ThGFE bV  of 

the 6-th order with its thickness b
zh , that is used in the 

calculation of 6-layer shells with thickness h , where 
b
zh h . In the calculation of m-layer shell m-layer  

Lagrangian ThGFE of m-order thickness are used. ThGFE 

bV  with the size b b b
x y zh h h   is located in the local Carte-

sian coordinate system 3 3 3 3O x y z  (fig. 3).  

 

 
 

Fig. 3. Six-Layer, ThGFE  bV
 

 
Рис. 3. Шестислойный ТрКЭ bV  

 
The area of ThGFE consists of N  curved 6-ply TGFE 

n
aV  with thickness h, 1,  ...,n N  that geometrically accu-

rately represent the area of ThGFE. TGFE n
aV  make the 

partition bR . The large grids aH  TGFE form a small  

grid bh  ThGFE. On the grid bh  we define large grid of 

b bH h
 
ThGFE. The nodes of the large grid bH  marked 

with points (112 nodes) lie on the common boundaries of 
different-modular layers of ThGFE (fig. 3).  

Suppose that the axis 2 2O y  of ThGFE (fig. 2) is paral-

lel to the axis 3 3O y  (fig. 3). Suppose that a
nδ , a

nq  are the 

vectors of nodal displacements,
 

[ ]n
aK , [ ]a

nM  are the 

stiffness matrices and a
nF , a

nP
 
are the vectors of nodal 

forces TGFE a
nV  responsible for the coordinate systems 

2 2 2 2O x y z  and 3 3 3 3O x y z , 1,  ...,n N  respectively.  

According to the FEM [1] we define the following for-

mula: [ ] a a a
n n nTδ q , where [ ]a

nT  is the rotations matrix [2], 

[ ] [ ] [ ][ ]a a T a a
n n n nM T K T , [ ]a a T a

n n nTP F . Taking into  

account these relations, the total potential energy of the 

Пb  ThGFE bV , i. e. the partition of bR , is presented  

in the form of 

    
1

1
П

2

N T Ta a a a a
b n n n n n

n

M


      
 q q q P . (10) 

Functions of the displacements pu , pv , pw
 
ThGFE 

bV  on the large grid bH , using Lagrange polynomials are 

presented in the form of 

   
0

1

n
u

pu N q 


  ,  
0

1

n
v

pv N q 


  ,  
0

1

n
w

pw N q 


  , (11) 

where uq , vq , wq , N  
are displacements and shape 

function of the β node of grid bH , 0 1 2 3n n n n , in this 

case 0 112n   (fig. 3). 

To reduce the dimension of the functional (10) we use 

functions (11). Let’s denote: bδ  is the vector of nodal  

displacements of a large grid bH . Expressing the nodal 

displacements of vector a
nq

 
TGFE a

nV  through the nodal 

displacement of vector bδ  of the grid bH  ThGFE bV , we 

can see the equality 

 ,a b
n n bA   q δ   (12) 

where [ ]b
nA  is a rectangular matrix, 1,  ...,n N . 

Using (12) in (10) and minimizing functional
 
Пb  in 

displacement of bδ , we obtain the ratio for the ThGFE 

bV  [ ]b b bK δ F  that corresponds to its equilibrium state, 

where 

 1

[ ] [ ] [ ][ ]
N

b T a b
b n n n

n

K A M A


  , 
1

[ ]
N

b T a
b n n

n

A


 F P . (13) 

The matrix [ ]bK  will be called the stiffness matrix, 

bF  is the vector of nodal forces ThGFE .bV  Note that the 

large grid bH  determines the dimension of the ThGFE bV , 

which is less than the partition dimension bR  consisting 

of the TGFE a
nV .   

Note 5. By virtue of (12) the dimension of the vector 

bδ  (i. e. the dimension of the ThGFE bV ) does not  

depend on the total number of TGFE a
nV  components of 

ThGFE. This means that the splitting of a ThGFE bV  into 

a TGFE a
nV  and, consequently, into single-grid FE eV  

(see § 2) can be arbitrarily small, which allows to describe 
with arbitrarily small error the three-dimensional stress 
state in the ThGFE taking into account its inhomogeneous 
structure.  
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Note 6. Note that the number of layers of TGFE may 
be less than the number of layers of the shell. For exam-
ple, constructing six-layered ThGFE you can use a three-
layered TGFE (fig. 2) or two-layered TGFE. As calcula-
tions show, this leads to a decrease in time costs with  
a minor change in the error of the solution. 

In the formula (13), matrices [ ]a
nM , a

nP , [ ]b
nA  are 

constructed taking into account the curvilinear form of 

TGFE a
nV  (see § 2), which geometrically represent the 

area accurately, ThGFE bV . Consequently, the matrices 

[ ]bK , bF  are also determined taking into account the cur-

vilinear form of the ThGFE bV . 

The procedure of determining stresses in the ThGFE 

bV  is similar to the procedure for determining stresses  

in the TGFE.  
Using ThGFE, according to the procedure similar  

to § 3, we construct four-grid FE, and the k  grid of FE, 
4k  . Note that the k  grid generate a discrete FE shell 

model of lower dimension than the 1k   FE grid. The 
described method can be used to calculate multilayer 
shells with layers of different thicknesses. 

Small enough partitions of composite shells are  
presented as homogeneous MFE, which are designed  
according to the procedures similar to § 1–3. 

4. The results of numerical experiments. Consider 
the problem of deformation of a four-layered elastic cy-
lindrical shell 0V  of a complex shape with length 2L . 

The shell, clamped from two ends, is located in the Carte-
sian coordinate system Oxyz . When 0;y   2L , dis-

placement 0u v w   . The radius of the shell on the 
median surface 2.0R   m, the thickness of the shell 

0.03h   m, length 2 12.0L   m, i. e 0V  is a thin shell 

with large geometric dimensions. The left symmetrical 
part of the shell is shown in fig. 4. Point A lies at the in-
tersection of the planes Oyz  and y L  on the top surface 

of the shell. Shell layers are isotropic homogeneous bod-
ies. The upper and lower layers have /12h  thickness,  
the inner 2 layers have 5 /12h . The Young’s modules of 
4 layers (starting from the bottom) are equal to: 10, 3, 5, 
20 GPA, respectively. Poisson’s ratio is 0.3. There is  
a uniformly distributed tensile radial load 0.05q   MPa 

(fig. 4) on the outer surface of the shell 3 / 4L y L   

with the opening angle / 2   , which is symmetrical to 
the planes Oyz  and y L . In the area of the shell clamps 

there are cutouts symmetrical to the plane Oyz , the  

opening angle of each cut is equal to the / 2  length  
is / 4L  (fig. 4). As the shape, loading and fastening of 
the shell are symmetrical to the planes Oyz  and y L , 

we use 1/4 of the shell in the calculations. 

The basic discrete model 0
nR

 
of the shell consists of a 

curved homogeneous single grid FE of the 1st order n
eV , 

geometrically similar to FE eV  (fig. 1). The model grid 
0
nR  has a dimension of 1 2 3

n n nm m m  , where 

 

1 2

3

324 1,   324 1,

 12 1,   1,  ...,10,

n n

n

m n m n

m n n

   

  
 (14) 

1
nm  is the dimension of the circular coordinate; 2

nm  – the 

axis Oy, 3
nm – axis Oz . Characteristic sizes e

xnh , e
ynh , e

znh  

FE n
eV  are defined by the following formulas 

 
1 1

1

/ ,   / ,

/ ,   1,  ...,10,

e e e e
xn x yn y

e e
zn z

h h n h h n

h h n n

 

 
 (15) 

where e
x1h , 1

e
yh , 1

e
zh  are characteristic dimensions of FE 

1
eV  of the 1st order corresponding to the discrete model 
0
1R , where 1 1

e
x eh R  , 1 / 324e

yh L , 1 /12e
zh h , 

1 / 324   , eR  is the radius of the lower cylindrical  

surface FE 1
eV . 

 

 
 

Fig. 4. Left symmetric part of the shell 0V
 

 
Рис. 4. Левая симметричная часть оболочки 0V  

 

On base models 0
nR , 1,  ...,10n   we construct multi-

grid discrete models nR
 
of shell 0V  consisting of La-

grangian shell ThGFE with sizes 81 81e e
xn ynh h h 

 
where 

12 e
znh nh . For all basic discrete models, ThGFE have  

a fixed size coordinate z   which is equal to the thickness 
of the shell h . ThGFE are constructed on the procedure 
shown in § 3 and consist of Lagrangian TGFE with  

dimensions 9 9e e
xn ynh h h  , according to the procedure 

shown in § 2. 
The ThGFE uses Lagrange polynomials defined by 

the formulas (5), which have the third order of the poly-
nomial by coordinates x, y, and the forth order by coordi-
nate z , which corresponds to the number of layers in the 
thickness of the shell. As shown by numerical calcula-

tions, if the nodes of large grids aH
 
and bH  of two-grid 

and three-grid FE lie on the common boundaries of multi-
modulus layers, discrete models nR

 
provide even and fast 

convergence of a sequence of finite element solutions.  
The results of the calculations for discrete models nR

 
are given in tab. 1, where we see: nw , n  are maximum 
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radial displacement and equivalent stress for the model 

,nR  6,  ...,10n  . We can find the stress n  with the 4th 

strength theory. As you know, using the maximum 
equivalent stress the factors of safety of structures are 
determined. We find the values , (%)n , , (%)w n  with the 

formulas 

, 1(%) 100 % | | /n n n n       , 

, 1(%) 100 % | | /w n n n nw w w    ,   2,  ...,10n  . 

The nature of changes in values , (%)w n , , (%)n  (tab. 1) 

shows rapid convergence of the equivalent stresses n  

and displacements nw . Since the values for the model 

10R  are small, ,10 0.00116179w  , ,10 0.00719947   it can 

be considered from the point of view of engineering prac-
tice that the displacement of 10 30.289362w   mm and 

10 31.371908   MPa are made with low error, i. e., 10w , 

10  are little different from the exact (see § 5). 

The dimension of the underlying discrete model 0
10R

 
is 3722110998 (more than 3.7 billion), the width of the 
tape of the system equations (SE) FEM is 1176610 (over 
1.1 million). Multigrid model 10R

 
has 203090 nodal  

unknowns, the width of the tape SE FEM is equal  
to 5445. Application of the FEM for the multigrid model 

10R  requires 3960366 (approximately 3.96 million) less 

times than the amount of computer memory of the base 
model 0

10R .  

5. The study of the convergence of approximate  
solutions. To study the convergence of approximate solu-
tions constructed using the new MFE, we use the follow-
ing numerical method, the brief essence of which is 
shown below. With the kind of new MFE that are used in 
the solution of the original problem (see § 4), the similar  

(test) problem with known exact solution 0u  is solved. 

Suppose that 0|| ||  0hu u   when 0h  , where hu  

is the solution of the test problem, constructed with the 
help of a family of new MFE, h  is the characteristic size 
of MFE. Then we consider that the solutions constructed 
with the help of a family of new MFE and for the initial 
problem converge in the limit ( 0h  ) to the exact one. 

We consider the deformation of a 4-layer cylindrical 
shell 1V  as a test problem, which is located in the Carte-

sian coordinate system Oxyz , to have the same geometric 

dimensions, fastening conditions and elastic modules  
as the shell 0V  in § 4. However, the shell 1V  has no cut-

outs. When 3 / 4 5 / 4L y L   the radial tensile uniform 

load of 0.1р   MPa acts on the outer surface of the 

shell 1V , i. e. axisymmetric three-dimensional stress state 

is realized in the shell 1V  [1]. 

As you know [1], the sequence of approximate solu-
tions of the axisymmetric problem, constructed by MFE 
with the use of standard FE, which are homogeneous 
rings with a rectangular cross-section, in the limit (when 

0mh   mh  is the characteristic size of the standard FE) 

converge to the exact solution. Calculations are carried 
out for discrete models nQ , 1,  ...,14n  , shell 1V . The 

results of calculations are given in tab. 2 for models nQ  

where,
 

7,  ...,14n  , 0
nw , 0

n  are the deflection and 

equivalent voltage at the point A (fig. 4), dimensions  
of models nQ  are given in the plane Oyz . The parameters 

of 0
, (%)w n , 0

, (%)n  
are determined by the formulas   

 

0 0 0 0
, 1

0 0 0 0
, 1

          (%) 100 % | | / ,

(%) 100 % | | / ,   2,  ...,14.

w n n n n

n n n n

w w w

n



 

   

      
 (16) 

 
Table 1 

Displacements nw  and equivalent stresses n  for models Rn 
 

nR  6R  7R  8R  9R  10R
 

nw  30.032632 30.136577 30.205840 30.254172 30.289362 

, (%)w n  0.550568 0.344913 0.229303 0.159753 0.116179 

n  30.074687 30.544130 30.881125 31.146047 31.371908 

, (%)n  2.374768 1.536934 1.091265 0.850580 0.719947 

 
Table 2 

Displacements 0
nw

 
and equivalent stresses 0

n  for models nQ  
 

N Dimensions of models 0 310 ,nw   м 
0

, (%)w n  0
n , МPа 

0
, (%)n  

7 2269 43  2.24419205 0.0001359 21.9642981 0.0006719 

8 2593 49  2.24419400 0.0000868 21.9641839 0.0005199 

9 2917 55  2.24419529 0.0000574 21.9640928 0.0004147 

10 3241 61  2.24419632 0.0000458 21.9640199 0.0003319 

11 3565 67  2.24419706 0.0000329 21,.9639594 0.0002754 

12 3889 73  2.24419754 0.0000213 21.9639074 0.0002367 
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End of table 2 

N Dimensions of models 0 310 ,nw   м 
0

, (%)w n  0
n , МPа 

0
, (%)n  

13 4213 79  2.24419797 0.0000147 21.9638637 0.0001989 

14 4537 85  2.24419832 0.0000155 21.9638261 0.0001711 

 
 Table 3 

Displacements p
nw  and stresses p

n  for models nR  
 

n 310 ,p
nw   м , (%)p

w n  p
n , МPа , (%)p

n  

7 2.24416383 0.0001038 21.9641016 0.0060703 

8 2.24416590 0.0000922 21.9649716 0.0039608 

9 2.24416869 0.0001243 21.9655875 0.0028039 

10 2.24417150 0.0002810 21.9660517 0.0021132 

11 2.24417898 0.0003333 21.9664194 0.0016739 

12 2.24418121 0.0000993 21.9667143 0.0013424 

13 2.24418263 0.0000632 21.9669569 0.0011043 

14 2.24418427 0.0000730 21.9671598 0.0009236 

 

The nature of the values change of 0
, (%)w n , 0

, (%)n  

shows the rapid convergence of stresses 0
n  and displace-

ments 0
nw  to the exact solution 0w , 0  of the axisymmet-

ric problem [1]. As the sizes, 0
,14 0.000000155w   

0
,14 0.000001711   are sufficiently small, the displace-

ment of 0 3
14 2.24419832 10w    m and the equivalent 

stress 0
14   21.9638261  MPa can be considered as the 

exact solution, i. e. we believe 0
0 14w w , 0

0 14   . 

We consider the solution of this axisymmetric MFE 
problem with the use of FE, which were used in solving 
the problem in § 4. We construct approximate solutions of 
the axisymmetric problem using the laws of grinding (14), 
(15) of basic partitions. The results of calculations are 

given in the tab. 3, where, p
nw , p

n  is the deflection and 

equivalent stress at the point A for a multigrid discrete 

model nR , 7,  ...,14n  . The parameters , (%)p
w n , 

, (%)p
n  are determined by formulas similar to formulas 

(16). The nature of the change in values , (%)p
w n , 

, (%)p
n  demonstrates the rapid convergence of stresses 

p
n  and displacements p

nw  to the limit values 0
pw ,  

0
p . The errors for displacement 14

pw  and stress  

14
p  0 0

14 1414(%) 100 % | | /p
w w w w    , (%) 100 %   

 
0 0
14 1414| | /p    , respectively, are equal to 0.00062828 %  

0.0151749 %. In tab. 2, 3 values 0
14w , 0

14 , 14
pw , 14

p , are 

marked in bold. From the point of view of engineering 

practice, because of the smallness of the values (%)w , 

(%) , we can assume that 00
pw w , 00

p   . Then we 

can conclude that the proposed ThGFE generate solutions 
p
n , p

nw  that in the limit (at n  ) tend (from the point 

of view of engineering practice) to the exact solution of 
the axisymmetric problem.  

The shell 0V  considered in § 4 differs from the shell 

1V  considered in § 5 by the presence of cutouts and the 

method of applying the load, with full coincidence of the 
dimensions, boundary conditions and physical character-
istics of the shells. In addition, when constructing  
sequences of approximate solutions for the initial and test 
problems, the same family of proposed ThGFE is used. 
Therefore, it can be assumed that the proposed shell 
ThGFE, which provide uniform convergence of approxi-
mate solutions for the test problem (for the shell 1V ), gen-

erate solutions nw , n  that in the limit (at n  ) will 

converge (from the point of view of engineering practice) 
to the exact values of displacement and equivalent stress 
for the original problem (for the shell 0V ), see § 4. 

Conclusion. In this work we propose a numerical 
method of calculation of multilayered linear elastic cylin-
drical thin and medium-thickness shells with the use of 
curvilinear Lagrangian shell type MFE. Application of the 
MFE for multigrid discrete shell models requires much 
less computer memory than the base models, which  
allows to construct solutions with a small error and  
can explore SSS of shells of large geometric dimensions. 
The above calculations show the high efficiency of the 
proposed curvilinear Lagrangian shell MFE in the analy-
sis of three-dimensional SSS multilayer shells. 
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This paper is devoted to the construction of a new class of models under incomplete information. We are talking 

about multidimensional inertia-free objects for the case when the components of the output vector are stochastically 
dependent, and the character of this dependence is unknown a priori. The study of a multidimensional object inevitably 
leads to a system of implicit dependencies of the output variables of the object from the input variables, but in this case 
this dependence extends to some components of the output vector. The key issue in this situation is the definition of the 
nature of this dependence for which the presence of a priori information is necessary to some extent. Taking into  
account that the main purpose of the model of such objects is the prediction of output variables with known input, it is 
necessary to solve a system of nonlinear implicit equations whose form is unknown at the initial stage of the identifica-
tion problem, but only that one or another output component depends on other variables which determine the state  
of the object. 

Thus, a rather nontrivial situation arises for the solution of a system of implicit nonlinear equations under condi-
tions when there are no usual equations. Consequently, the model of the object (and this is a main identification task) 
cannot be constructed in the same way as is accepted in the existing theory of identification as a result of a lack of  
a priori information. If it was possible to parametrize the system of nonlinear equations, then at a known input it would 
be necessary to solve this system, since in this case it is known, once the parameterization step is overcome. The main 
content of this article is the solution of the identification problem, in the presence of T-processes, and while the pa-
rametrization stage can not be overcome without additional a priori information about the process under investigation. 

In this connection, the scheme for solving a system of non-linear equations (which are unknown) can be represented 
in the form of some successive algorithmic chain. First, a vector of discrepancies is formed on the basis of the available 
training sample including observations of all components of the input and output variables. And after that, the evalua-
tion of the output of the object with known values of the input variables is based on the Nadaraya-Watson estimates. 
Thus, for given values of the input variables of the T-process, we can carry out a procedure of estimating the forecast  
of the output variables. 

Numerous computational experiments on the study of the proposed T-models have shown their rather high effi-
ciency. The article presents the results of computational experiments illustrating the effectiveness of the proposed tech-
nology of forecasting the values of output variables on the known input.  
 

Keywords: discrete-continuous process, identification, T-models, T-processes. 
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Рассмотрено построение нового класса моделей в условиях неполной информации. Речь идет о многомерных 

безынерционных объектах для случая, когда компоненты вектора выходов стохастически зависимы, причем 
характер этой зависимости априори неизвестен. Исследование многомерного объекта неизбежно приводит  
к системе неявных зависимостей выходных переменных объекта от входных, но в данном случае подобная  
зависимость распространяется и на некоторые компоненты вектора выходов. Ключевым вопросом в данной 
ситуации является определение характера этой зависимости, для чего и необходимо наличие в той или иной 
степени априорной информации. Учитывая, что основным назначением модели подобного рода объектов  
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является прогноз выходных переменных при известных входных, необходимо решать систему нелинейных  
неявных уравнений, вид которых на начальной стадии постановки задачи идентификации неизвестен,  
а известно лишь, что та или иная компонента выхода зависит от других переменных, определяющих состоя-
ние объекта. 

Таким образом, возникает довольно нетривиальная ситуация решения системы неявных нелинейных урав-
нений в условиях, когда собственно самих уравнений в обычном смысле нет. Следовательно, модель объекта  
(а эта основная задача идентификации) не может быть построена так, как это принято в существующей 
теории идентификации в результате недостатка априорной информации. Если бы можно было параметризо-
вать систему нелинейных уравнений, то при известном входе следовало бы решить эту систему, поскольку 
она в данном случае известна, раз этап параметризации преодолен. Основным содержанием настоящей ста-
тьи является решение задачи идентификации при наличии Т-процессов и при том, что этап параметризации 
не может быть преодолен без дополнительной априорной информации об исследуемом процессе.  

В этой связи схема решения системы нелинейных уравнений (которые неизвестны) может быть пред-
ставлена в виде некоторой последовательной алгоритмической цепочки. Сначала на основании имеющейся 
обучающей выборки, включающей 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 перемен-
ных Т-процесса мы можем осуществить процедуру оценивания прогноза выходных переменных.  

Многочисленные вычислительные эксперименты по исследованию предлагаемых Т-моделей показали дос-
таточно высокую их эффективность. Приводятся результаты вычислительных экспериментов, иллюстри-
рующих эффективность предлагаемой технологии прогноза значений выходных переменных по известным 
входным. 
 

Ключевые слова: дискретно-непрерывный процесс, идентификация, Т-модели, Т-процессы. 
 
Introduction. In numerous multidimensional real 

processes output variables are available to measure not 
only at different time periods but also after a long time. 
This leads to the fact that dynamic processes have to be 
considered as non-inertial with delay. For example, while 
grinding the products time constant is 5–10 minutes, and 
control of output variable, for example fineness of grind-
ing, is measured once in two hours. In this case investi-
gated process can be presented as non-inertial with delay. 
If output variables of the object are somehow stochasti-
cally dependent, then we call such processes T-processes. 
Similar processes require special view on the problem of 
identification different from existing ones. The main thing 
is that identification of such processes should be carried 
out differently from the existing theory of identification. 
We should pay special attention to the fact that the term 
“process” is considered below not as processes of prob-
abilistic nature, such as stationary, Gaussian, Markov, 
martingales, etc. [1]. Below we will focus on T-processes 
actually occurring or developing over time. In particular 
technological process, industrial, economic, the process of 
person’s recovery (disease) and many others.   

Identification of multidimensional stochastical proc-
esses is a topical issue for many technological industrial 
processes of discrete-continuous nature [2]. The main 
feature of these processes is that vector of output vari-
ables  1 2, ,  ..., nx x x x , consisting of n component is 

such that the components of this vector are stochastically 
dependant unknown in advance way. We denote vector  
of input component –  1 2, ,  ..., mu u u u . This formula-

tion of the problem leads to the fact that the mathematical  
description of the object is represented as some analogue 
of the implicit functions of the form  , 0,jF u x 

 

1,j n . The main feature of this task of modeling is that 

class of dependency  F   is unknown. Parametric class of 

vector functions  , , , 1,jF u x j n  , where α is a vector 

of parameters, does not allow to use methods of paramet-
ric identification [3; 4] because class of functions accurate 
to parameters cannot be defined in advance and well 
known methods of identifications are not suitable in this 
case [3; 4]. In this way the task of identification can be 
seen as solving of non-linear equations:  

  , 0, 1,jF u x j n   (1) 

relatively component vector  1 2, ,  ..., nx x x x
 
at known 

values of u. In this case it is expediently to use methods  
of nonparametric statistics [5; 6].   

T-processes. Nowadays the role of identification of 
non-inertial systems with delay is increasing [7; 8]. This 
is explained by the fact that measurement of some of the 
most important output variables of dynamic objects  
is carried out through long periods of time, that exceeds  
a constant of time of the object [9; 10].    

The main feature of identification of multidimensional 
object is that investigating process is defined with the 
help of the system of implicit stochastic equations:  

 
      , , 0, 1,jF u t x t t j n     , (2) 

where  jF   is unknown, τ is delay in different channels 

of multidimensional system. Further τ is omitted for sim-
plicity.  

In general investigated multidimensional system  
implementing T-processes can be presented in fig. 1.  
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Fig. 1. Multidimensional objects 
 

Рис. 1. Многомерный объект 
 
In fig. 1 the following designations are accepted: u 

 
 1,  ..., mu u

 
– m-dimensional vector of input variables, 

 1,  ..., nx x x  – n-dimensional vector of output variables. 

Through various channels of investigated process depend-
ence of j component of vector u can be presented as de-

pendence on components of vector u:   ,j j
jx f u   

 
1,j n .  

Every j channel depends on several components of 

vector u, for example  5
1 3 6, ,u u u u   , where 5u 

 is a 

compound vector. When building models of real techno-
logical and industrial processes (complexes) often vectors 
x and u are used as compound vectors. Compound vector 
is a vector composed from several components of the  

vector, for example  2 5 7 8, , ,ju x x x x    or another set 

of components. In this case, the system of equations will 

be       ˆ , 0, 1,j j
jF u x j n .  

T-models. The processes, which have output variables 
that have unknown stochastic relationships, were called  
T-processes, and their models were called T-models. Ana-
lyzing the above information it is easy to see, that descrip-
tion of the process in fig. 1 can be accepted as a system of 
implicit functions:   

  , 0, 1,j j
jF u x j n      , (3) 

where ,j ju x     are compound vectors. The main fea-
ture of modeling of such a process under nonparametric 
uncertainty is the fact that functions (3) 

 , 0, 1,j j
jF u x j n       are unknown. Obviously the 

system of models can be presented as following:  

      
 ˆ , , , 0, 1,j j

j s sF u x x u j n ,  (4) 

where ,s sx u
 

 are temporary vectors (data received  

by s time moment), 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 even in this case   ˆ , 1,jF j n  are unknown. In the 

theory of identification such problems are not solved and 
are not set. Usually parametric structure is chosen (3), 
unfortunately it is difficult to fulfill because of lack  
of apriori information. Long time is required to define 
parametric structure, that is the model is represented as:   

  , , 0, 1,j j
jF u x j n       ,  (5) 

where α is a vector of parameters. Then follows the 
evaluation of parameters according to the elements of 

training sample , , 1,i iu x i s
 
and solution of the system 

of nonlinear interrelated relations (5). Success in building 
a model will depend on qualitative parametrization of the 
system (5).  

Further we will consider the problem of building  
T-models under nonparametric uncertainty, when the sys-
tem (5) is unknown up to the parameters.  

Let the input of the object receive the input variables 
values, which, of course, are measured. Availability of 

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

evaluation of vector components of output variables x   
at known values of u, as noted above, leads to the need to 
solve the system of equations (4). If dependence of output 
component from vector components of input variables  
is unknown, then it is natural to use the methods of non-
parametric evaluation [5; 11]. 

 At a given value of the vector of input variables 
u u , it is necessary to solve the system (4) with respect 
to the vector of output variables x. General scheme of 
solution of such a system:  

1. First a discrepancy is calculated by the formula:  

 
  , , , , 1,j j

ij j s sF u x i x u j n     
 

, (6) 

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

 as nonparametric 

evaluation of regression of Nadaraya–Watson [10]: 

            ,j
j j ji F u x i 

    

 

  1 1

1 1

[ ]
[ ] Ф

,
[ ]

Ф

k

k

ns
k k

j
sui k

j
ns

k k

sui k

u u i
x i

c
x i

u u i

c

 

 

 

 

  
  
  

  
  
 

 


 (7) 

where 1, , ,j n m    is dimension of a compound vec-

tor  ku , m m   , further this designation is also used 

for other variables. Bell-shaped functions 
[ ]

Ф
k

k k

su

u u i

c

  
  
 

 

and parameter of fuzziness 
ksuc  satisfy several conditions 

of convergence and have the following features:  
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    
 

1 1Ф ; Ф 1;s s i
u

c c u u du 



      

    1 1lim Ф , lim 0,s s s i i s sc c u u u u c 
     

 
lims ssc   . 

2. Next step is conditional expected value: 

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

We take nonparametric evaluation of regression  
of Nadaraya–Watson as an estimate (8)  [10]: 

ˆ jx  

1 1 2

1 2

1 1 2

1 2

1 1 1

1 1 1

[ ] [ ]
[ ] Ф Ф

,   1, ,
[ ] [ ]

Ф Ф

n ms
k k k

j
su si k k

n ms
k k k

su si k k

u u i i
x i

c c
j n

u u i i

c c

   

  

   

  

    
    

    
    

   
   

  

 
 (9) 

where bell-shaped functions  Ф   are taken as triangular 

core: 

1 1 1 1

1 1

1 1
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Carrying out this procedure we obtain the value of 
output variables x under input influences on the object 
u u , this is the main purpose of a required model, 
which further can be used in different management sys-
tems [8], including organizational one [12].  

Computational experiment. For computational  
experiment a simple object with five input variables 

 1 2 3 4 5, , , ,u u u u u u  taking random values in the interval 

[0, 3]u  and with three output variables  1 2 3, ,x x x x  

where 1 [ 2; 11]x   , 2 [ 1; 8]x   , 3 [ 1; 8]x    was cho-
sen. We will develop a sample of input and output vari-
ables based on a system of equations:  

 

2
1 1 2 5 3

2 4 5 1

3 2 3 5 1 2

2 1.5 0.3 0;

1.5 0.3 0.6 0.3 0;

2 0.9 4 6.6 0.5 0.6 0.

x u u u x

x u u x

x u u u x x

     
     


        

(10) 

As a result we get a sample of measurements ,s su x
 

 

where ,s su x
 

 are temporary vectors. It should be noted 
that the process described by the system (10) is only nec-
essary to obtain training samples, there is no other infor-
mation about the process under investigation. Dealing 
with a real object, a training sample is formed as a result 
of measurements which are carried out with available 
control measures. In the case of stochastic dependence 
between output variables, the process is naturally 

described, 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

0

0

0

 
 




ˆ , , , , ;

ˆ , , , ;

ˆ , , , , , .

x

x

x

F x x u u u

F x x u u

F x x x u u u
 

(11)

 
The system of equations (11) is a dependence, unlike 

the system (10), known from the available a priori 
information. 

Having got a sample of observation, we can proceed 
to a studied problem, which is finding the forecast values 
of output variables x at known input u. First, discrepan-
cies are calculated (7) using the technique described ear-
lier. We introduce discrepancies as a system:   

 

   
   
   

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

 (12) 

where , 1,3j j   are discrepancies, whose corresponding 

components of an output vector cannot can’t be derived 
from the parametric equations.  

The forecast for the system (11) is carried out 
according to the formula (9) for each output component of 
the object. 

First, we present the results of a computational ex-
periment without interference. In this case, values of input 
variables of the newly generated input variables (not  
included in the training sample) go to the input of the  
object. A configurable parameter will be a parameter  
of fuzziness sс , which in this case, we take equal 0.4 (the 

value was determined as a result of numerous experiments 
to reduce the quadratic error between model and object 
output [13; 14]) the parameter of fuzziness will be taken 
the same when calculating in the formulas (7) and (9), 
sample size is 500s  . Let’s give graphs for object out-
puts by components 1 2,  x x  and 3x .  

In fig. 2, 3 and 4 the output values of the variables are 
marked with a “point”, and the output value of the model 
are marked with a “cross”. The figures demonstrate the 
comparison of the true values of the test sample of the 
output vector components and their forecasted values ob-
tained by using the algorithm (6)–(9).  

We will conduct the results of another computational 
experiment, in this case, interference   is imposed on 

values of the vector x components of the object output. 
The conditions of the experiment: sample size is 500s  , 
interference acting on the output vector components of an 
object is 5 %   , parameter of fuzziness is 0.4sc 

 
(fig. 5–7).  

The conducted computational experiments confirmed 
the effectiveness of the proposed T-models, which are 
presented not as generally accepted in the theory of model 
identification, but as some method of forecasting the  
output variables of the object at the known input u u . 
It should be noted that in this case we do not have  
a model in the sense generally accepted in the theory of 
identification [15].   
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Fig. 2. Forecast of the output variable x1 with no interference. Error 0.71   
 

Рис. 2. Прогноз выходной переменной x1 при отсутствии помех. Ошибка 0,71   
 

 
 

Fig. 3. Forecast of the output variable x2 with no interference. Error 0.71    
 

Рис. 3. Прогноз выходной переменной x2 при отсутствии помех. Ошибка 0,71   
 

 
 

Fig. 4. Forecast of the output variable  x3 with no interference. Error 0.71   
 

Рис. 4. Прогноз выходной переменной  x3 при отсутствии помех. Ошибка 0,71   
 

 
 

Fig. 5. Forecast of the output variable x1 with interference 5 %. Error 0.77   
 

Рис. 5. Прогноз выходной переменной x1 с помехой 5 %. Ошибка 0,77   
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Fig. 6. Forecast of the output variable x2 with interference 5 %. Error 0.77   
 

Рис. 6. Прогноз выходной переменной x2 с помехой 5 %. Ошибка 0,77   
 

 
 

Fig. 7. Forecast of the output variable x3 with interference 5 %. Error 0.77   
 

Рис. 7. Прогноз выходной переменной x3 с помехой 5 %. Ошибка 0,77   

 
Conclusion. The problem of identification of non-

inertial multidimensional objects with delay in unknown 
stochastic relations of the output vector components is 
considered. Here a number of features arise, which mean 
that the identification problem is considered under condi-
tions of nonparametric uncertainty and, as a consequence, 
cannot be represented up to a set of parameters. On the 
basis of available a priori hypotheses the system of equa-
tions describing the process with the help of compound 
vectors x and u is formulated. Nevertheless functions 

 F   remain unknown. The article describes the method 

of calculating the output variables of the object at the 
known input, which allows them to be used in computer 
systems for various purposes. Above some particular re-
sults of computational studies are given.  

The conducted computational experiments showed  
a sufficiently high efficiency of T-modeling. At the same 
time, not only the issues related to the introduction of 
interference of different levels, different sizes of training 
samples, but also objects of different dimensions were 
studied.  
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Protection of spacecraft on-board equipment against electromagnetic interferences is an actual problem. Much  

attention is paid to the susceptibility to the excitation of powerful ultra short impulses (nanosecond and subnanosecond 
impulses). The use of known protection devices to solve this problem is hampered by a number of conflicting require-
ments. For example, low mass, high reliability, long life. In addition, ultrashort pulses are able to penetrate into various 
radio-electronic equipment by passing the instrument shields. Protection potential using the devices based on modal 
filtering is well known. To simulate these devices, rigorous electro-dynamic approach is applied, which requires high 
computational costs. Approximate quasi-static approach allows to significantly reduce computational costs. The quasi-
static simulation was used in this paper, loss record in conductors was realized by means of exact calculation of the 
matrix of per-unit-length resistances through a change in the matrix of the per-unit-length coefficients of electromag-
netic induction when scaling the cross section of conductors. The effect of losses on the shape and amplitude of the 
pulses at the output of the modal filter is shown. A comparison of simulation results with electrodynamic and quasi-
static approaches taking into account losses is presented. Good consistency is obtained. Quasi-static simulation with 
losses took much less time than the electrodynamic simulation. Analysis of the results suggests that software-based  
approaches can be used for modal filter simulation. 

 
Keywords: microstrip line, linear delay, wave impedance, modal filtering, quasi-static simulation, protection device. 
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Защита бортовой аппаратуры космического аппарата от электромагнитных помех является актуальной 

проблемой. Большое внимание уделяется восприимчивости к воздействию мощных сверхкоротких импульсов 
(импульсов наносекундного и субнаносекундного диапазонов). Использование известных устройств защиты для 
решения данной задачи затруднено рядом противоречивых требований, например, малой массы, высокой  
надежности, длительного срока активного существования. Кроме того, сверхкороткие импульсы способны 
проникать в различную радиоэлектронную аппаратуру, минуя экраны приборов. Известна возможность  
защиты с помощью устройств, основанных на использовании модальной фильтрации. Для моделирования таких 
устройств применяют строгий электродинамический подход, который требует больших вычислительных 
затрат. Приближенный квазистатический подход позволяет значительно уменьшить вычислительные затра-
ты. Использован учет потерь в проводниках при квазистатическом моделировании, реализованный с помощью 
точного вычисления матрицы погонных сопротивлений через изменение матрицы погонных коэффициентов 
электромагнитной индукции при масштабировании поперечного сечения проводников. Показано влияние по-
терь на форму и амплитуду импульсов на выходе модального фильтра. Представлено сравнение результатов 
моделирования электродинамическим и квазистатическим подходами с учетом потерь. Получена хорошая 
согласованность. Квазистатическое моделирование заняло значительно меньше времени, чем электродинами-
ческое. Анализ результатов показал, что программно-реализованные подходы можно использовать для моде-
лирования модального фильтра. 

 
Ключевые слова: микрополосковая линия, погонная задержка, волновое сопротивление, модальная фильтра-

ция, квазистатическое моделирование, устройство защиты. 
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Introduction. As long-term practice of start and 
maintenance of the spacecrafts (SC) showed, reliability of 
the elements, devices of airborne computers and control 
modules functioning is one of the key factors defining 
success of the mission in general. Reliability assurance in 
special conditions of harmful space factors impact is con-
nected with specific difficulties. One of such factors  
is interfering super short impulse (ISI). Its dangers are 
extensively researched [1–5]. However, the increase  
in SC effective performance period (up to 15 years) leads 
to considerable degradation of the used materials’ proper-
ties and also makes it problematic to predict the new ma-
terials’ properties mutation in the future SCs. This will 
inevitably create conditions for harmful effects of ISI, 
causing improvements of protection against it. The use of 
the known protection devices is complicated by a number 
of contradictory requirements, for example, protection of 
a bigger number of circuits, law mass of the safety device, 
ability to function effectively for 15 years in space. There-
fore creation of new elements and protection devices of 
airborne computers and control modules from SIS proves 
to be relevant. Protection against short impulses based on 
modal filtering [6–11] is suggested. The physical princi-
ple of such protection is based on the effect of splitting of 
interfering impulse in the segment of line into modes, 
each of which extends with the time delay. In case of un-
homogeneous dielectric filling in the cross-section of the 
connected line segment, the difference of these time  
delays can exceed duration of interfering impulse, so that 
one impulse given between the active and reference con-
ductors at the beginning of the segment will split into two 
impulses at the end of the segment. 

Often for the analysis of strip structures quasi static 
simulation is used. For exact simulation of such structures 
it is necessary to consider losses both in conductors, and 
in dielectrics. Meanwhile, accurate loss record is espe-
cially important in certain cases. Thus, in modal filters 
(MF) output amplitude depends on losses.  

The purpose of this paper is to compare results of 
quasi static and electro-dynamic simulations of MF taking 
into account loss record. 

Calculation of resistance per-unit-length matrix. 
The algorithm of Calculation of resistance per unit length 
matrix of N-wire transmission line in which (N + 1) refer-
ence conductor, in quasi static simulation environment 
TALGAT [12] looks as follows [13]: 

1. Input of conductor parameters: ρ – conductor spe-
cific resistance, µ – magnetic conductivity. 

2. Input of frequency. 
3. Input of the initial geometrical parameters.  
4. Calculation of value of conductor boundaries exten-

sion ∂n (value 0.1 from the lowest parameter is used by 
default).  

5. Calculation of the conductor’s surface resistance us-
ing formula 

 .sR f    (1) 

6. Geometrical modeling of cross-section structure 
under initial parameters. 

7. Calculation of per-unit-length initial matrix coeffi-
cients of electromagnetic induction L1. 

8. Extension of all boundaries of cross-section of the 
reference conductor on Δn.  

9. Calculation of inductance matrix L2 for the changed 
structure. 

10. Calculation of ΔLj,k = L2j,k– L1j,k. 
11. Calculation of non-diagonal matrix elements Rjj 

using formula: 

 ,
,

0

,j ks
j k j k

R

n

 
  
  

L
R  Оm/m. (2) 

12. Extension of all boundaries of the cross-section  
of the 1st from N conductors. 

13. Calculation of L2jj.  
14. Calculation of ΔLjj = L1jj – L2jj. 
15. Calculation of diagonal components of the matrix 

Rjj  using formula: 

 
0

,jjs
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R

n

 
  
  

L
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16. Serial repetition of points 12–15 for each of the 
remained conductors, successively expanding boundaries 
of this conductor. 

The calculation algorithm of matrix R has been  
implemented. In cases where it is required to calculate L 
matrix, functions of the TALGAT system are used. In the 
algorithm extension of conductor boundaries by value Δn 
is applied. It is realized programmatically. The user value 
Δn is set for this purpose, or default value Δn equal to 0.1 
from the lowest parameter of structure is used. For calcu-
lation of default value of boundary with the lowest length 
whose value is equated to value of the lowest parameter  
is found. 

In order to expend the conductor i, where i = 1, 2, …, N, 
N – number of conductors multi-wire transmission line, 
applying scaling against the centre of the conductor, 
which transforms conductor coordinates p1,i; p2,i; …; pM,i, 
where M – the number of conductor angles i, into coordi-
nates p1,i'; p2,i'; …; pN,i' so to obtain the conductor, in-
creased by Δn from all sides. For this purpose scaling 
coefficients are calculated:  

 
2 2
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x y

x yi i
i ix y

i i

l l
f f

n n

l l

 


 
  (4) 

where x
il , y

il  – the width and thickness of conductor i. 

Further conductor center coordinates are calculated pс,i 
and transformation matrix is built: 
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where ,
x
c ip  and ,

y
c ip  – components x and y coordinate pс,i. 

Transformation matrix can be applied in the following way: 
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where j = 1, 2, …, M. For the conductor boundaries  
extension transformation matrix should be applied (2)  
to every conductor angle. Extension of the infinite earth is 
done via displacement of all structure boundaries towards 
the line of the infinite earth on Δn.  
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Simulation. The approaches described above are 
software realised and built-in in the TALGAT system. 
However, the use of this program for quasi-static simula-
tion of real strip structures and comparing the received 
results with the results of electro-dynamic simulation was 
not shown earlier. For simulation MF structure, researched 
in [14], will be used. 

Quasi-static simulation is executed in TALGAT system, 
electro-dynamic – in CST MWS [15]. The cross-section 
and the diagram of MF switch are provided in fig. 1, 
where width and thickness of conductors w = 500 micron 
and t = 85 micron; conductor spacing – s = 200, distance 

between edge of the conductor and dielectric edge  
d = 1000 micron, substrate thickness h = 400 micron,  
FR-4 substrate material, line length l = 2.5. MF contains 
three copper conductors: A – the active, O – reference and 
p – passive. The impulse oscillator is connected to the 
active conductor with the following parameters: ampli-
tude – 10 V and duration of peak td = 100 picoseconds, 
duration of the front and recession of tr = tf = 100 pico-
seconds. Resistance values are R1 = R2 = R3 = R4 = 
= 100 Ohms. Results of simulation taking into account 
losses and dispersion are provided in fig. 2.  

 

а  b 
 

Fig. 1. MF cross-section (a) and connection scheme (b) 
 

Рис. 1. Поперечное сечение (а) и схема включения (b) МФ 
 

 а 
 

 b 
 

Fig. 2. Voltage waveforms obtained in CST MWS (a) and TALGAT (b) 
 

Рис. 2. Формы напряжения, полученные в CST MWS (а) и TALGAT (б) 

Line MF 
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Table 
Comparative results of amplitudes and impulses time delays  

Parameter CST TALGAT (CST – TALGAT)/(CST + TALGAT), % 

Amplitude of 1st impulse V3, В 1.1 0.88 11 

Amplitude of 2nd impulse V3, В 0.73 0.71 1.4 

Amplitude of 1st impulse V4, В –1.1 –0.88 11 

Amplitude of 2nd impulse V3, В 0.73 0.71 1.4 

Time delay of 1st impulse in nodes V3 and V4, ps 11.6 12.2 2.5 

Time delay of 2nd impulse in nodes V3 и V4, ps 14.9 15 0.3 

 
The results proved that with reference to losses in 

conductors and dielectrics, wavefront time and impulse 
drop on the MF output increase. Thus the voltage ampli-
tude of output impulses (V3) is much less than a half of 
amplitude of an input impulse (V1). Impulse amplitude of 
the even mode appeared to be less than impulse amplitude 
of the odd mode. This results from the fact that currents of 
the even mode extend mostly in dielectric, while currents 
of the odd mode – in the air. Fig. 2 shows that voltage 
waveforms, calculated in TALGAT and CST MWS, coin-
cide. Values of amplitudes and time delays of impulses 
are given in the table.   

Conclusion. Simulation results showed that the 
maximum deviation under impulses delays makes 2.5 % 
under amplitudes – 11 %. It proves consistency of results 
received by means of the approaches described in the  
present paper. Besides. calculation time in TALGAT was 
about 1 h, in CST MWS – about 50 h. Therefore. the soft-
ware realized approaches can be used for MF simulation. 
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At present to transfer a spacecraft from a low earth to geostationary orbits propulsion systems of two types are most 
widely used: chemical and electric. Each type has its advantages and disadvantages. The application of any one of them 
does not always satisfy conflicting requirements. A possible solution may be the use of a combined propulsion system 
consisting of a chemical and electric propulsion system. This combination allows the spacecraft to be launched faster 
than using only electric motors, and it is more efficient in terms of the payload mass than using only a chemical propul-
sion system. Electric propulsion engines (plasma or ionic) need energy sources. Usually, solar batteries are used  
for these purposes. The idea of using such a combined propulsion system, consisting of a solar electric propulsion sys-
tem and the Fregat upper stage, was considered within the “Dvina TM” research project. The use of such a propulsion  
system requires, even at the design stage, to determine the parameters of the various types of engines that make up its 
structure. For a reasonable choice it is necessary to have information about the influence of the various propulsion 
system parameters on the final characteristics of the maneuver. 

When putting a spacecraft into orbit, it is necessary for the spacecraft to overcome Van Allen belts while the ele-
ments of its design are subjected to intensive action of charged particles, which can significantly limit the period of ac-
tive existence. Using a combined propulsion system, it is possible to shorten the time of being in a field of high radiation 
level significantly. 

The aim of the study was to synthesize a method for estimating the effect of the combined propulsion system parame-
ters on the integral dose of radiation accumulated during the maneuver, when putting a spacecraft into a geostationary 
orbit. Different variations of the combined propulsion system application (thrust variations) allow to optimize the  
maneuver of the spacecraft and to reduce the integral dose of radiation. 

As a result of the work, a method was proposed to evaluate the influence of the parameters of the combined propul-
sion system taking into account the passage of the Earth radiation belts, the program was implemented, calculations 
were made and the results were analyzed. 

 
Keywords: combined propulsion system, electric propulsion system, the Earth’s radiation belt. 
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ДВИГАТЕЛЬНОЙ УСТАНОВКИ НА ИНТЕГРАЛЬНУЮ ДОЗУ РАДИАЦИИ  

ПРИ ВЫВОДЕ КОСМИЧЕСКОГО АППАРАТА НА ГЕОСТАЦИОНАРНУЮ ОРБИТУ  
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В настоящее время для перевода космических аппаратов с низкой околоземной орбиты на геостационар-
ную наиболее широко используются двигательные установки двух типов – химические и электроракетные. 
Каждый тип имеет свои преимущества и недостатки. Применение какого-то одного из них не всегда удовле-
творяет противоречивым требованиям к эффективности маневра вывода. Возможным решением может 
быть использование комбинированной двигательной установки, состоящей из жидкостного ракетного  
и электроракетного двигателей. Такая комбинация позволяет выводить космический аппарат быстрее  
и эффективнее с точки зрения большей массы полезной нагрузки и затрат по сравнению с наличием только 
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одного типа: электроракетного либо жидкостного ракетного двигателя. Электроракетные двигатели (плаз-
менные или ионные) нуждаются в источниках энергии. Обычно для этих целей применяются солнечные бата-
реи. Идея применения подобной комбинированной двигательной установки, состоящей из солнечной электро-
ракетной установки и разгонного блока «Фрегат», рассматривалась в рамках НИР «Двина ТМ». Применение 
комбинированной двигательной установки такого вида совмещения требует еще на этапе проектирования 
определения рациональных энергетических характеристик различных типов двигателей. Для обоснованного 
выбора необходима информация о влиянии отдельных параметров двигательной установки на итоговые  
характеристики маневра. 

При выводе космическому аппарату приходится преодолевать радиационные пояса Земли, при этом элемен-
ты его конструкции подвергаются интенсивному воздействию заряженных частиц, что может значительно 
ограничить срок активного существования. Используя комбинированную двигательную установку, можно  
значительно сократить время нахождения космического аппарата в области с высоким уровнем радиации. 

Рассмотрены различные сценарии вывода КА с низкой околоземной на расчетную геостационарную орбиту 
и оценки полученных при этом аппаратурой суммарных доз радиации. Различные варианты применения комби-
нированной двигательной установки (варьирования тягой) позволяют оптимизировать маневр КА и снизить 
интегральную дозу радиации. 

В результате был предложен метод оценки влияния энергетических характеристик комбинированной  
двигательной установки с учетом прохождения радиационных поясов Земли, создана программа, проведены 
расчеты и выполнен анализ полученных результатов. 

 
Ключевые слова: комбинированная двигательная установка, электроракетный двигатель, радиационный 

пояс Земли.  
 
Introduction. The use of an electric propulsion sys-

tem (EPS) for the transfer of a spacecraft (SC) from low 
earth orbit (LEO) to a geostationary orbit (GSO) makes  
it possible to increase the payload mass (P) delivered to 
the final transfer orbit in comparison with traditional 
chemical propulsion systems (CPS), due to more effective 
use of the working object mass [1; 2]. The reverse side  
of the EPS application is a long time of performing the 
orbital lift maneuver (the typical time of transition from 
LEO to GSO is 200 days), which leads to a general  
increase in the time required for putting into orbit, in par-
ticular, to an increase in time the SC spends in zones with 
an elevated level of radiation, the so-called Van Allen 
belts [3–5]. 

Fig. 1 shows the dependence of the radiation build-up 
on the thickness of the aluminum shield for a 200-day 
flight using EPS and the annual location of the SC  
on GSO. It can be seen that with a protection thickness of 
4 mm, the SC radiation build-up of when putting into the 
GSO reaches 100 KRad, which is a critical level for electro- 
nic products manufactured by the most common technolo- 
gy for the production of KMOP electronic circuits [6–9]. 
For comparison, for a year of the SC location on a GSO 
with a similar protection, the radiation build-up is only  
10 KRad. 

Despite the advantages of using EPS from the point of 
view of P mass, EPS has initial drawbacks and it is neces-
sary to find solutions that allow to overcome them. One of 
the possible solutions is the use of a combined propulsion 
system (CPS), which involves a combination of LPRE 
and EPS in an integrated system and the application of a 
particular engine to perform a certain phase of maneuver 
optimally. 

For this purpose, it is necessary to determine the  
rational power characteristics of propulsion systems even 
at the design stage. To provide rationale for the choice  
of CPS design parameters, in this work, a study of the 
influence of various trajectory division variants of the 

entire trajectory into sections with the inclusion of various 
propulsion systems (PS) included in CPS was made. 
 

толщина защиты, мм (алюм.)

на
ко
пл
ен
на
я 
до
за

, 
Ра
д 200дн вывод на ГЕО

1год на ГЕО

 
 

Fig. 1. Dependence of radiation build-up  
on the protective coating thickness 

 
Рис. 1. Зависимость накопленной дозы радиации  

от толщины защитного покрытия 
 

Existing software for assessing the effects of radiation 
on a satellite such as SHIELDOS, SPENVIS, STK SEET, 
allows to determine the final dose, accumulated by  
a spacecraft in a certain orbit, but some software is not 
entirely suitable for evaluating active maneuvers performed 
using engines of large and small thrust on a certain cyclo-
gram, and the other is inaccessible 10. Therefore, to 
carry out the research, it was required, based on existing 
ionizing radiation (IR) models, to write software adapted 
to perform the specific research tasks. A significant dura-
tion of the low-thrust engine flight requires for the per-
formance of differential equations numerical integration 
used for various mathematical description phases of the 
general maneuver, substantial computing powers 11. 
This solution required simplification of the existing  
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models, optimization of the algorithms and computational 
methods, as well as the use of computers with high com-
putational capabilities. 

In the process of the research, a technique was devel-
oped to assess the spacecraft radiation build-up integral 
dose, a computer model was created and modeling was 
performed for a coplanar transition from LEO to GSO. 

Formulation of the problem. The spacecraft equip- 
ped with EPS is located on LEO (200 km above the 
Earth). The spacecraft performs a coplanar maneuver of 
the transition to GSO in two phases. For creating thrust 
impulses in the first phase, the Fregat upper stage is used 
to carry out the transfer of the spacecraft from the initial 
orbit to the intermediate satellite orbit. Another block  
of several stationary plasma engines (type SPE 140) is used 
to transfer spacecraft from an intermediate orbit to an 
inclined geosynchronous orbit of the satellite and to carry 
out corrections, and then for subsequent transfer to  
a highly elliptical satellite orbit. Simultaneously, the elec-
tric propulsion system (EPS) creates moments of forces 
around the three axes to control the position of the appara-
tus relative to the center of mass and to unload the reac-
tion wheel. 

It is required to estimate the contribution of each 
phase to the total dose of SC devices radiation build-up. 

Model. In works [1; 2] it was shown that the optimal 
maneuver of coplanar flight from the LEO to GSO using a 
pair of large and small thrust engines consists of 2 phases 
(fig. 2): 

1. Gomanov flight with the use of high thrust engines. 
2. Orbit raising of a spacecraft to the target highly  

elliptical orbit along the spiral trajectory by low-thrust 
engines. 
 

 
 

Fig. 2. The trajectory of the flight from LEO  
to GSO of the satellite using CPS 

 
Рис. 2. Траектория перелета с НОО  
на ГСО ИСЗ с использованием КДУ 

 
Knowing the initial mass of the spacecraft, the pa-

rameters of the propulsion system used in the CPS (thrust, 
specific impulse), the parameters of the initial and final 
orbits, one can enter a parameter k  (0–1), determining 
the position of the intermediate circular orbit to which the 
spacecraft is driven using the high-thrust engine in the 
Gomanov transition. 

 2 1 3 1 ,R R k R R    

where 1R  is the radius of LEO; 3R  is the radius of GSO. 

2R  can be found analytically with high accuracy. By 

varying k parameter, one can determine the position of the 
intermediate orbit for each k  value and construct a flight 
cyclogram using analytical dependencies to perform  
a Gomanov flight in the first phase of the maneuver and 
analytical dependencies for performing a long flight along 
a spiral trajectory using a low thruster in the second phase 
of the maneuver. 

Depending on the parameters of the spacecraft, the ini-
tial and final orbits and k parameter, the spacecraft will 
move along different trajectories, passing through regions 
of space with different levels of ionizing radiation from 
outer space (IROS). Ionizing radiation includes the fol-
lowing types of radiation: 

– Radiation from the Earth’s natural radiation belts 
(ENRB) (protons, electrons, α-particles, nuclei); 

– Solar cosmic rays (SCR) (protons, electrons,  
α-particles); 

– Solar wind (protons, electrons, α-particles); 
– Galactic cosmic rays (GCR) (protons, electrons,  

α-particles, nuclei); 
– Particles in the outer magnetosphere (protons, elec-

trons, α-particles), albedo particles (protons, neutrons), 
NDO radiation from unclosed drift shells (protons, elec-
trons), precipitating particles during magnetic distur-
bances (protons, electrons), etc. 

The main danger in the spacecraft flight is the emis-
sion of ENRB, consisting of charged particles of different 
penetrating power, with energy from tens of kiV to hun-
dreds of MeV for protons and tens of MeV for electrons 
which fluxes can reach a large value [12–15]. 

Galactic cosmic radiation is characterized by small 
fluxes (up to 5 particles × cm–2 × c–1) and high particle 
energies (up to 1020 eV). 

Primary cosmic rays of galactic origin can be attrib-
uted to the sources of ENRB particles (high-energy  
protons arising from the decay of albedo neutrons formed 
by GCR particles upon interaction with atmospheric nuclei). 

SCRs are formed during chromospheric flares on the 
Sun. Large fluxes of high-energy SCR particles can repre-
sent a radiation hazard for semiconductor ERI that are  
a part of spacecraft instrument units. The total dose of 
radiation obtained by the spacecraft throughout the ma-
neuver can be received by integrating the individual doses 
obtained when the space vehicle is located at a specific 
point in space, the level of ionization radiation (IR) in 
which is known. To determine the level of IR, the model 
of IR distribution AR-8 was used [10]. 

To investigate the effect of phase distribution for the 
CPS engines on the integral dose received by the space-
craft during the maneuver, a mathematical model was 
constructed to solve the following main tasks: flight plan-
ning, iterative modeling, radiation assessment. 

The numerical calculation algorithm for the model  
is shown in fig. 3 and consists of a series of sequential 
operations: 

1. The parameters of the spacecraft and the parameters 
of the CPS engines are set. 

2. The initial and final orbits are assigned, the distri-
bution of the trajectory maneuver between phases 1 and 2. 
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3. The initial state vector (position, speed, accelera-
tion) is set. 

4. The scheduler performs calculations for the given 
parameters and builds a cyclogram of switching on the 
engines. 

5. The solver performs the cyclogram step by step,  
determining the coordinates of the spacecraft at the next 
step, calculates and summarizes the value of the particle 
flux at a given point in space. 

6. The output unit generates a flight path and an out-
put data set corresponding to a given input data set. 

The model of the radiation field. Mass distribution 
around SC blocks. Calculations of local radiation condi-
tions inside the instrument unit take into account the 
weakening of the charged particles fluxes by different 
screening elements. The process of passing particles 
through matter can be represented by a random sequence 
of elementary events – their scattering, relaxation, genera-
tion, etc., in the intervals between which the particles 
move freely. The theory is not able to consider the fluc-
tuations in particles energy losses correctly, their angular 
and energy distribution, and also the theoretical reliable 
description of the repeated radiation transfer. As a result, 
a number of approximate calculation methods have been 
created that are in satisfactory agreement with the ex-
periment [12; 13; 15]. The main characteristics of charged 
particles deceleration in a substance are the specific losses 

( )
dE

S E
dx

  and particle range R(E) in a substance. The 

value of R(E) characterizes the braking capacity of the 
material, it is defined as the average energy lost by the 
particle per unit of path length. The total range is the path 
length of a particle with the initial energy Е0, which is 
braked to a full stop. The relationship of the ranges with 
energy losses in the material of the structure during brak-

ing is described by the expression 
0

( )
( )

E dE
R E

S E
  . When 

the particles are decelerated, various loss mechanisms in 
the material are known. Thus, at low energies, the main 
role is played by elastic scattering of the particles. For 
particles with energies 1 МэВE  , the mechanisms  

of braking radiation are activated. Some contribution  
is made by Cherenkov radiation, transition radiation at 
medium boundaries, etc. The contribution of each mecha-
nism to the total loss value depends on the particle  
energy, on the particle type and on the properties of the 
medium. According to the nature of the charged particles 
interaction with matter, they are usually divided into 
heavy (with mass М  Ме) and light (М  Ме). Several 
computational models have been developed for determin-
ing local radiation conditions behind protective shells  
of various geometries (for example, hemispheres or half-
planes), depending on the material properties and the 
thickness of the shielding shells. The models are based  
on the definition of the “range-energy” ratio. Protons and 
heavier particles lose energy when passing through the 
protective shell due to the mechanism of ionization of 
atoms (ionization losses). In this case, the charged particle 
interacts with the valence electrons of the atom of the 
shell material. In this case, the energy of the proton Ех 
passing through a screen of thickness х in the direction of 
the particle motion with the initial energy Е can be deter-
mined as: 

 ( ) ( ) .xR E R E x    (1) 

This implies the condition for the boundary particles 
energy completely absorbed by the shielding screen. For 
particles with energy минE E , there is an equality of 

charged particles flows before and after protection 

 мин( ) .R E x    (2) 

 

 
 

Fig. 3. Block diagram of the simulation algorithm 
 

Рис. 3. Блок-схема алгоритма моделирования 
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Taking into account the specific losses, the spectrum 
can be expressed by the dependence 

 
( )

( )
( ) ( ) .

( )
x

x
x E f E

S E
x E

S E 

     (3) 

Here (E) – is the differential spectrum of the parti-
cles (protons) before the protection, calculated at the 
value of the energy E, and  x xE – is after protection  

at the point corresponding to the argument Ех. In the  
arguments of the functions F(E) and S(E)  energy values 
are expressed in terms of Ех. 

Often, an empirical relationship is used between range 
and energy of the form [12; 13] 

 ( ) rR E xE    (4) 

for initial integral spectra of exponential types: 

 н( ) ,n
E

E
E

      
 

 (5)     

 
н

( ) exp ,e
E

E
E

 
     

 
  (6) 

( ) ,
dE

S E
dR

  

further, taking into account the connection between the 
energy losses and the particle ranges. 

For the value of the differential spectra after protec-
tion, one can obtain: 

 
1

1( ) 1 ,
( )

n

rn n
x n H

x
E n E E

R E

 
  

    
 

  (7) 
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E R E E R E

   
                  

  (8) 

In both formulas, the subscript х, indicating that this 
energy value refers to particles that have passed through 
the defense, is omitted. 

To obtain the absorbed dose rate from a stream  
of charged particles that have passed through a shell  
of thickness – х, the integral is calculated 

 
2

1

( ) ( ) ,
E

x x
E

P E S E dE    (9) 

where Е1 and Е2 are the boundary energy values for which 
these energy absorption mechanisms are dominant. 

For protons with energies Ер ≥ 103 MeV, the contribu-
tion to the dose due to ionization is small, therefore we 
take Е2 = 103 MeV. The practice of calculating the multi-
ple passage of charged particles through successive 
shields provides for calculating the function x(E) of the 
differential spectrum, after each successive shell. Taking 
into account the approximate character of the calculations, 
in our case a one-time calculation was performed, but 
with the corresponding summation of the screen thick-
nesses. There are programs like GEAR 4 [16; 17] and 
others, which determine local radiation conditions, taking 
into account the geometry of the absorbing elements. We 
use assembly of shielding elements from simple sphere 
objects, cylinders, cones, etc. In our case we use a simpli-
fied statement of the problem – a screen in the form of  
a hemisphere made of aluminum. Fig. 4 shows the  
dependence of the proton range on its energy when using 
an aluminum screen. The thicknesses of the cases of the 
electronic equipment were not taken into account, as the 
absorption in the cases is carried into the reserve because 
of the approximate nature of the calculations. The ioniza-
tion losses were calculated from the formulas (4)–(9) 
given above with the coefficients according to the data 
[12; 13]: for the protons α =1.73; r = 3.47 10–3; for  
α-particles α = 1.73,  r = 3.110–4.  

The radiation build-up received by the SC during the 
maneuvering time can be determined as the sum of the 
doses received from the location of the spacecraft in the 
field with some intensity during the interval 

 ( ) ,
T

D P r dt 


 (10) 

where D – is the accumulated dose; ( )P r


 – the intensity 

of radiation at the space point  Tr x y z


. 

Calculation of the local absorbed doses (LAD) inside 
the SC units under consideration is carried out on the ba-
sis of mass distributions along the axes of the instrument 
blocks coordinates, protective devices and their thick-
nesses. 
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Fig. 4. Dependence of the proton range on its energy (material – aluminum) 
 

Рис. 4. Зависимость пробега протона от его энергии (материал – алюминий) 
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Local absorbed doses are calculated by the formula: 

 
6

1

1
ЛПД ,

6 i
i

D


    (11)   

where Di – is the value of the absorbed dose with a thick-
ness of protection in i direction (there are only 6 of them 
along the coordinate axes). 

The model of the Earth’s magnetic field. The Earth’s 
magnetic field is a dipole field whose axis is offset  
by about 11.4 degrees from the geographical axis. It is 
known that the intensities of the charged particles fluxes 
have a high spatial gradient. At low altitudes in the inner 
zone, a 3 % change in distance creates a 10-fold change  
in the intensity of the flow. Therefore, it is not possible to 
use the dipole model to determine the intensity of charged 
particles flows. It is necessary to use a coordinate system 
suitable for this task. 

The most commonly used is the McIlwain coordinate 
system in which flows of charged particles having equal 
intensity are placed on surfaces that can be described in 
the coordinates L–B. Based on the experimental data col-
lected during the launch of satellites studying the Earth’s 
magnetosphere, a spatial distribution of the intensities was 
obtained, which formed the basis of the AP 8 and AE 8 
models for protons and electrons respectively [16]. 

The outer radiation belt consists mainly of electrons.  
A non-large-thickness protective shield protects the space-
craft from their effects effectively. Therefore, in the model 
only the inner radiation belt, consisting mainly of protons, 
is considered. 

The flight dynamics of the spacecraft is modeled in  
a geocentric inertial coordinate system. To reduce the 
computational complexity, it is considered that the start-
ing point of the maneuver coincides with the axis of the 
inertial GCS. The axis of the magnetic dipole rotates  
together with the rotation of the Earth. To calculate the IR 
level at the current point of space, the coordinates of the 
inertial GCS are transformed into dipole coordinates, after 
which the IR values are computed in accordance with the 
AR 8 model [17; 18]. 

The results of modeling. During modeling, the effect 
of the parameter k determining the ratio of the total ma-
neuver share per phase realized by the Fregat US to the 
integral dose of radiation received by the spacecraft dur-

ing the maneuvering time was studied. The parameter k 
varied in the range 0–1 in increments of 0.1. 

A study of the dependence of the results on the inte-
gration step showed that step 1c is sufficient for the con-
vergence of modeling results both in the period of high 
thrust provided by the Fregat US and during the long spi-
ral transition to the EPS. At the chosen step, the simula-
tion of the longest transition case (full transition to EPS) 
takes about 20 million steps. Computational complexity, 
illustrated in the graph (fig. 5), is significant even with the 
current level of computing facilities and required special 
measures to obtain results in finite time. 

The graphs are given for a spacecraft having the  
following characteristics: 

– initial weight of 3000 kg (CPS consists of LRE and 
EPS, usually LRE is accepted with low thrust); 

– thrust 20 kH; 
– specific impulse 3300 m/s. 
The EPS has the following characteristics: 
– thrust 0,7 H; 
– specific impulse of 20,000 m/s. 
The initial position of the spacecraft is a circular low 

Earth orbit with a height of 200 km with zero inclination. 
The final orbit is GSO. 

For the various phase relations, the final characteris-
tics and the transfer trajectory were obtained. An example 
of the obtained trajectory is shown in fig. 6. 

Fig. 7 shows the calculated total radiation doses ob-
tained in the delivery of a spacecraft with a different value 
of the parameter k. The analysis of the obtained data 
shows that the use of LRE at the initial stage of position-
ing phase allows to reduce the total level of the accumu-
lated dose of radiation significantly. However, the use of 
LRE after passing the Van Allen radiation belts does not 
have a significant effect on the level of the accumulated 
radiation dose and its use does not give significant advan-
tages to the dose effects in this sector. With a fully  
electrical transition, the accumulated dose for 200 days is 
100 KRad. If the part of the trajectory with the working 
LRE is greater than 0.4 from the entire trajectory, the in-
tegral value of the accumulated dose varies insignifi-
cantly, so, in order to reduce the total dose of accumulated 
radiation, the use of LRE to perform more than 0.4 of the 
total transition is not rational. 
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Fig. 5. Required computation time depending on the parameter k 
 

Рис. 5. Требуемое время расчета в зависимости от параметра k 
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On the other hand, the influence of the working time 
of LRE as a fraction of the trajectory maneuver phase on 
the duration of the transition is shown in fig. 8. When 
using fully electric motors, the duration of the transition is 
18 million sec or about 208 days. A balanced ratio be-
tween the duration of the transition and the radiation dose 

received can be selected at the expert level, depending on 
the mission being implemented and a number of non-
formalized factors. The duration of the transition should 
be considered taking into account the dose effects in the 
spacecraft design and the choice of the energy characteris-
tics of the engines included in the CPS. 

 

 
 

Fig. 6. The example of a trajectory 
 

Рис. 6. Пример траектории 
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Fig. 7. Diagram of integral accumulated radiation dose depending  
on the relative duration of the inclusion of CPS LRE 

 
Рис. 7. График интегральной накопленной дозы радиации  

в зависимости от относительной длительности включения ЖРД КДУ 
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Fig. 8. Duration of trajectory transition depending  
on the work phase fraction of the LRE  

 
Рис. 8. Длительность траекторного перехода  
в зависимости от доли фазы работы ЖРД 
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Conclusion. The use of the CPS, consisting of large 
and small thrust engines, makes it possible to increase the 
efficiency of the raising the orbit maneuver from the LEO 
to the GSO. Efficiency should be understood as a com-
plex indicator, some elements of which can be expressed 
in numerical form and used in making reasonable deci-
sions at the design stage of CPS for a spacecraft. The cal-
culation performed allows to estimate the influence of the 
chosen ratio proportion of the maneuver part between 
different types of engines on the integral dose of radiation 
received by the spacecraft during the whole maneuver. 
The rationale for the combination of various propulsion 
systems in the CPS at the design stage requires an assess-
ment of selection consequences of the CPS parameters  
for the final characteristics of putting the spacecraft to the 
target orbit. During the research, a technique was pro-
posed to evaluate the influence of such a choice on the 
integral dose of radiation received by the spacecraft dur-
ing the time of transition. The results of the study provide 
an opportunity for a reasonable decision on the relation-
ship of energy characteristics between the LRE and EPS 
in the CPS in terms of accumulated radiation dose and the 
total time of the task. Simulation was carried out for the 
transition maneuver from LEO on GSO, which is the 
most widespread and most interesting for optimization. 
To determine the influence of other factors and different 
scenarios on the effectiveness of CPS application, further 
work on modeling and computational research is necessary. 
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Solar cells based on AIIIBV materials in solar arrays are the main energy sources for most modern spacecraft.  

In spite of the fact that high characteristics have already been  achieved, the work for improving solar cells is being 
continued due to the growth of energy consumption by spacecraft. 

One of the directions is decreasing solar radiation reflection by solar cell surface due to the deposition of antireflec-
tion coating (ARC). In the article we show the results of the study of ARC (Ta2O5 / SiO2).  

We have presented the results of spectral and thickness calculations by special software of ARC on the triple junc-
tion (InGaP / InGaAs / Ge) solar cell taking into account cell structure as well. 

We have performed the experiment of ARC on the glass-substrate to confirm the manufacturability of the process. 
ARC deposition has been made by electron-beam evaporation in vacuum. The results of investigation of spectral char-
acteristics of samples obtained by a spectrophotometer confirm the uniformity of covering without relation to the sam-
ple position in a machine. Spectral characteristic calculations for glass-substrate coincide with experimental data.  

The results of studying spectral characteristics of ARC on a solar cell demonstrate good correspondence with  
experimental data. The electric characteristics measured by the solar simulator (AM0) before and after the ARC cover-
ing on the experimental samples show the increase of short-circuit current up to 122 mA and the rise of efficiency  
up to 7.5 %. We have demonstrated the results of scanning electron microscopic investigation of ARC on the different 
positions of solar cells. 
 

Keywords: antireflection coating (ARC), triple junction (TJ) solar cells, current-voltage characteristic, tantalum  
oxide (V), silicon oxide (IV). 
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ИССЛЕДОВАНИЕ ПРОСВЕТЛЯЮЩЕГО ПОКРЫТИЯ Ta2O5 / SiO2  

СОВРЕМЕННЫХ СОЛНЕЧНЫХ ЭЛЕМЕНТОВ КОСМИЧЕСКОГО НАЗНАЧЕНИЯ 
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Солнечные элементы (СЭ) на основе материалов AIIIBV в составе солнечных батарей являются основными 
первичными источниками энергии для большинства современных космических аппаратов (КА). В связи с продол-
жающимся ростом энергопотребления КА, несмотря на уже достигнутые высокие характеристики, продол-
жаются работы по совершенствованию СЭ. 

Одним из направлений является уменьшение отражения солнечного излучения с фотоактивной поверхно-
сти СЭ за счет применения антиотражающего (просветляющего) покрытия (АОП). Приведены результаты 
исследований АОП на основе слоев оксидов тантала (V) и кремния (IV) (Ta2O5 / SiO2). 

Представлены результаты расчета толщин и спектральной характеристики данного покрытия на поверхно-
сти трехкаскадного СЭ (InGaP / InGaAs / Ge) с учетом особенностей структуры СЭ, проведенного в специальном 
программном обеспечении. 

Для подтверждения технологичности процесса нанесения АОП проведен эксперимент по нанесению  
покрытия на стеклянную подложку. Нанесение АОП проводилось методом электронно-лучевого испарения  
в вакууме. Результаты исследования спектральных характеристик на группе образцов, полученные с помощью 
спектрофотометра, подтвердили равномерность покрытий вне зависимости от положения образцов в камере 
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установки. Предварительный расчет спектральной характеристики для АОП на стеклянной подложке пока-
зал удовлетворительное совпадение с экспериментальными данными. 

Результаты исследований спектральных характеристик АОП, нанесенного на поверхность СЭ, показали 
хорошее совпадение с расчетными данными. Измерение электрических характеристик с помощью импульсного 
имитатора солнечного излучения (AM0) до и после нанесения АОП на всех экспериментальных образцах СЭ 
показало прирост тока короткого замыкания в среднем на 122 мА, а КПД – на 7,5 %. Приводятся результаты 
электронно-микроскопических исследований АОП в различных частях СЭ.  
 

Ключевые слова: просветляющее покрытие, антиотражающее покрытие (АОП), трехкаскадный солнечный 
элемент, фотоэлектрический преобразователь, вольт-амперная характеристика, оксид тантала (V), оксид крем-
ния (IV).  

 
Introduction. Currently primary energy sources for 

most spacecraft are solar arrays; their generating part con-
sists of semiconductor devices that perform direct conver-
sion of solar energy into electrical energy. Such devices 
are called photovoltaic converters or solar cells [1; 2]. 

Modern triple junction (TJ) solar cells based on 
AIIIBV semiconducting compounds have high values of 
output characteristics and resistance to radiation greater 
than single junction solar cells based on AIIIBV, as well 
as solar cells based on monocrystalline silicon [3]. 

However, power requirements to spacecraft are per-
manently increasing, consequently, requirements to tech-
nical characteristics of solar panels are increasing as well, 
primarily requirements to the efficiency of converting 
solar radiation flux into electrical energy or efficiency 
factor. 

One of the directions to improve the output character-
istics is decreasing the reflection of sunlight from the  
solar cell surface and thus increasing the penetration of 
radiation into generating parts of solar cells. The most 
common reflectivity decreasing method is cell surface 
antireflection coating (ARC), which represents thin dialectric 
film with certain reflectivity decreasing characteristics [4]. 

Single-layer ARC are simple to manufacture and can 
significantly increase the solar cell conversion efficiency 
of solar radiation. If some single-layer coating is applied 
to a semiconductor with a large refractive index, it is pos-
sible to achieve near-zero reflection at a certain wave-
length, but in this case, changing the wavelength signifi-
cantly increases the reflection coefficient, and it is a sig-
nificant drawback [4]. To reduce the reflection over  
a wider range of wavelengths, we need to use more layers. 
To obtain low reflection in almost the entire spectral sen-
sitivity region of the solar cell and to maximize their effi-
ciency, one can use two- and three-layer ARC. The fur-
ther increase in the number of layers theoretically reduces 
the reflected part of light, but the synthesis of complex 
coatings (more than 4 layers) is complicated by the diffi-
culty of achieving the required quality in terms of homo-
geneity and uniformity of application. 

When designing ARC, the materials (depending on their 
refractive indices and required thickness of the layers), 
are chosen so that the light wave reflected from the front 
surface of the coating due to interference is extinguished 
by a wave reflected from the boundary between the  
dielectric film and the semiconductor material [5]. As a rule, 
transparent amorphous films of nanometric thickness  
of the following compositions: ZnS, Ta2O5, TiO2, MgF2, 
Al2O3 and SiO2 find use as materials for solar cell ARC [6]. 

Experimental part. Based on previous studies [7] and 
analysis of the structures of modern solar cells [8] we 
planned a comprehensive ARC study based on the materi-
als of tantalum oxide (V) (Ta2O5) and silicon (IV) oxide 
(SiO2). The study includes the following steps: 

– calculation of ARC design by studying the features 
of the structure of TJ solar cell (InGaP / InGaAs / Ge) 
obtained by gas phase epitaxy from metalloorganic and 
hydride compounds; 

– pilot-tests of manufacturing methods of ARC on 
more accessible substrates; 

– application of optimized ARC directly to the surface 
of TJ solar cells (InGaP / InGaAs / Ge), measurement of 
critical parameters; 

– experimental estimation of ARC influence on the  
solar cell characteristics. 

Calculation of ARC based on Ta2O5 and SiO2 ma-
terials. For TJ solar cells (InGaP / InGaAs / Ge) obtained 
by gas phase epitaxy from metalloorganic and hydride 
compounds, we have carried out a series of ARC calcula-
tions based on (Ta2O5 / SiO2), taking into account  
the features of the solar cell structure. Calculations have 
been performed in the program OptiLayer Thin Film 
Software [9]. 

The maximum sensitivity of TJ solar cells based on 
AIIIBV is in the range 400–1500 nm, as it is shown in fig. 
1 [10]. The long-wave part of the spectrum (from more 
than 900 nm) is absorbed and transformed by germanium 
subcell. When the subcells are connected in series, the 
current contribution of the germanium subcell is not limit-
ing, so the lower stage has a significant current reserve, 
which allows us to narrow the spectral optimization range 
to 400–900 nm. Thus, the calculation of the optimization 
have been carried out taking into account the minimiza-
tion of reflection in the wavelength range 400–900 nm  
of the solar radiation spectrum AM0.  

It should be noted that there are not sufficient data in 
the literature to perform the calculations, therefore, we 
have performed experimental work to obtain dispersion 
dependencies: each of the layers (Ta2O5 and SiO2) has 
been deposited on germanium substrates by electron-
beam evaporation in vacuum. Dispersion dependences of 
the deposited layers have been obtained on a spectromet-
ric ellipsometer SENTECH’s SENpro in the wavelength 
range 400–900 nm. 

Dispersion dependences of refractive indices Ta2O5, 
SiO2, InAlP и InGaP [11–14] used in the calculations are 
shown in fig. 2. 
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In calculations we have used characteristics of TJ 
structures (InGaP / InGaAs / Ge): the upper subcell  
is the layer of composition In0.49Ga0.51P with the thickness 
≥ 0.5 μm and above it the wide-gap “window” of the  
upper subcell is the layer of composition In0.5Al0.5P with 
the thickness varying from 35 to 100 nm. The thickness  
of the “window” layer of the upper is comparable to the 
thicknesses of the ARC layers and the spectral reflection 
coefficients have large values in comparison with the  
selected oxides, therefore, the epitaxial layers will have  
a significant effect on the results of calculations ARC 
(Ta2O5 / SiO2). It should be noted that we have carried out 
all the calculations for the light incidence angle 0о, i. e. 
along the normal to the surface of a solar cell. 
 

 
 

Fig. 1. Spectral distribution of absorption intensity  
of solar radiation for TJ solar cells 

 
Рис. 1 Спектральное распределение интенсивности  

поглощения солнечного излучения для трехкаскадных СЭ  
 

 
 

Fig. 2. Dispersion dependences of refractive indices:  
the dashed line is Ta2O5 / Ge; the dot-dashed line  

is SiO2 / Ge; the solid line is InGaP, dotted line – InAlP 
 

Рис. 2. Дисперсионные зависимости показателей  
преломления: пунктирная линия – Ta2O5 / Ge; штрих-
пунктирная линия – SiO2 / Ge; сплошная линия –  

InGaP; точечная линия – InAlP 
 

Fig. 3 shows the calculated spectral characteristic (R (λ)) 
for ARC consisting of tantalum oxide Ta2O5 and silicon 
oxide SiO2, taking into account the layer In0.5Al0.5P, on 
the layer In0.49Ga0.51P. The calculated thickness of ARC 

layers is 45 nm for Ta2O5 and 60 nm for SiO2. The root-
mean-square deviation of the calculation results from the 
target values is 3.9 %. 
 

 
 

Fig. 3. The calculated spectral characteristic (R (λ))  
for ARC (Ta2O5 / SiO2) on the surface of the solar cell 

 
Рис. 3. Рассчитанная спектральная характеристика (R(λ))  

для АОП (Ta2O5 / SiO2) на поверхности СЭ 
 

Confirmation of the correspondence between the cal-
culated and experimental values as well as the pilot-tests 
of manufacturing methods have carried out in another 
experiment that has included calculation part and physical 
deposition of ARC layers on the glass substrate. 

ARC test (Ta2O5 / SiO2) on a glass substrate. To con-
firm experimentally the calculated data, we have chosen 
glass substrates with geometric dimensions corresponding 
to the overall dimensions of the solar cell and the thick-
ness of approximately 150 μm, the number of substrates is 
4 pieces. The deposition of ARC on selected samples has 
been carried out by the electron beam method of sputter-
ing the target in a high-vacuum industrial equipment, fol-
lowed by the ARC thermal stabilization process. 

The results of measuring the spectral dependence  
of the reflection obtained with the help of Shimadzu  
UV-3600 spectrophotometer for all four samples showed 
good agreement with the calculated dependences. To con-
firm the uniformity of the coating, as well as the reliabil-
ity of the results for each sample, we have carried out  
a series of measurements on different parts of the surface. 

The data obtained during the measurement of the 
spectral characteristics of the layers on a glass substrate, 
practically coincide with the calculated values in the 
greater part of the investigated range. It is shown in fig. 4. 
This fact confirms the reliability of calculations and  
allows us to expect such a matching of experimental and 
calculated data for ARC on the surface of a three-stage 
solar cell. 

ARC (Ta2O5 / SiO2) deposition on the TJ solar cell 
surface. Having carried out a number of necessary 
growth and build-up processes, we applied ARC 
(Ta2O5 / SiO2) on the face of the solar cell in a similar 
way in a high-vacuum equipment with the use of electron-
beam sputtering method and subsequent thermal  
stabilization. The study of the spectral characteristic  
(R(λ)) of the obtained ARC, similar to the experiment 
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with glass substrates, has been carried out on a spectro-
photometer. 

The comparison of the experimental and calculated 
spectral characteristics (R(λ)) for ARC (Ta2O5 / SiO2) on 
the surface of a TJ solar cell (you can see it in fig. 5) showed 
good agreement in the spectral range of the upper subcell, 
and deviations do not exceed 3 %. The variance in the 
region of more than 720 nm is explained by the presence 
of a distributed Bragg reflector in the structure of the solar 
cell between the second and the third subcell, which is not 
taken into account in the calculations. It should be taken 
into consideration that nanoscale ARC (Ta2O5 / SiO2) can 
have composition deviations from stoichiometry in real 
layers, which can lead to additional measurement errors. 

Unfortunately, the computational algorithms also do not 
take into account the contribution of the reflection of the 
metal contact mesh on the facial area of real samples. Thus, 
according to estimates [15], the shading for the solar cell  
of the standard size used in the experiment is 1.82 %. 

The dimensions of the contact grid and their contribu-
tion to the reflection can be estimated from the image 
obtained with the scanning electron microscope (SEM)  
in fig. 6, a. This image (fig. 6, b) also shows the features 
of real layers of ARC (Ta2O5 / SiO2) on the solar cell.  
The studies carried out with the help of SEM confirmed 
the value of the given layer thicknesses taking into  
account the measurement inaccuracy on the microscope 
(fig. 6, c, d). 

 

 
 

Fig. 4. Comparison of the experimental and calculated spectral 
characteristics (R(λ)) for (Ta2O5 / SiO2) ARC on a glass substrate: 
solid line – experimental data, dotted line – calculated data 

 
Рис. 4. Сравнение экспериментальных и расчетных спектраль-
ных характеристик (R(λ)) для АОП (Ta2O5 / SiO2) на стеклян-
ной подложке: сплошная линия – экспериментальные данные,  
 

точечная линия – расчетные данные 
 

 
 

Fig. 5. Comparison of the experimental and calculated spectral 
characteristics (R(λ)) for ARC (Ta2O5 / SiO2) on the surface of TJ 
solar cell: solid line – experimental data, dotted line – calculated  
 

data 
 
Рис. 5. Сравнение экспериментальных и расчетных спектраль-
ных характеристик (R(λ)) для АОП (Ta2O5 / SiO2) на поверхности 
трехкаскадного СЭ: сплошная линия – экспериментальные  
 

данные, пунктирная линия – расчетные данные 
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Fig. 6. Results of ARC (Ta2O5 / SiO2) study by SEM 
 

Рис. 6. Результаты исследования АОП (Ta2O5 / SiO2) на СЭМ  
 

 
 

Fig. 7. Volt-ampere characteristic of a solar cell sample: the dotted 
line is a solar cell sample without ARC, the dashed line is a solar cell  
 

sample with ARC (Ta2O5 / SiO2) 
 

Рис. 7. Вольт-амперная характеристика образца СЭ: точечная  
линия – образец СЭ без АОП, пунктирная линия – образец СЭ  
 

с АОП (Ta2O5 / SiO2) 
 

To estimate the effect of ARC (Ta2O5 / SiO2) on the 
output characteristics of solar cells, we have performed 
the measurements of the volt-ampere characteristics of 
solar cells using a pulsed radiation simulator in the AM0 

spectrum before and after deposition of ARC on the  
surface of a TJ solar cell. The results of the experiment 
are shown in fig. 7. For processing the obtained data, we 
have used the program for analyzing volt-ampere charac-

а b 

c d 
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teristics of photoelectric converters, which is an element 
of technology support systems [16; 17]. 

According to the results of testing a batch of samples, 
the short-circuit current (Isc) increased on average by  
122 mA after applying ARC (Ta2O5 / SiO2) on the solar 
cell, and the efficiency increased in average by 7.5 %. 

Conclusion. We have made calculations of ARC 
(Ta2O5 / SiO2), taking into account peculiarities of struc-
ture of TJ solar cell (InGaP / InGaAs / Ge). The calcula-
tions allow suppose that the deposition of this coating is 
rather promising. 

The experiment in deposition of ARC (Ta2O5 / SiO2) 
on the glass substrate allowed to draw conclusions about 
its technological effectiveness, as well as the necessity of 
performing a similar experiment on the surface of a TJ 
solar cell and to select the necessary modes for carrying 
out the process. The study of the spectral characterristic 
R(λ) of the obtained samples has showed the uniform-
ity of coating application in all positions of the samples in 
a vacuum chamber. 

Theoretically calculated and experimentally obtained 
on the solar cell surface of ARC (Ta2O5 / SiO2) showed 
an increase in the output characteristics of the solar cells, 
namely, the Isc increase was approximately 122 mA, and 
the efficiency increased by about 7.5 %. Electron micro-
scopic study of the experimental samples of solar cells 
(InGaP / InGaAs / Ge) showed the uniformity of ARC 
(Ta2O5 / SiO2), and, taking into account the inaccuracy, 
confirmed the specified thickness parameters of the layer 
thicknesses. 

It should be noted that this coating is optimized for the 
structure of TJ solar cells (InGaP / InGaAs / Ge) and does 
not imply additional surface protection. However, for the 
application of solar cells in space, the front and back sur-
faces of the device are laminated with special protective 
glass. The design, which includes directly a solar cell with 
ARC applied, glue and protective glass is called a stack. 
The calculation does not take into account the design of 
the stack, which can have a significant effect on the final 
result. In the future, a full optical assembly (stack) of a TJ 
solar cell (InGaP / InGaAs / Ge) with ARC (Ta2O5 / SiO2) 
should be calculated. 

Acknowledgements. The authors are grateful to the 
staff of the department of the development of advanced 
transducers and technologies and department of research 
and production of solar cells at JSC “Research and Pro-
duction Enterprise “Kvant”. We acknowledge the company 
“TESKAN” Ltd. and personally Lukashova M. V. (spe-
cialist, Ph. D.). 

The development of support system technology and 
additioned with IVCAnalysis software module compatible 
have been carried out in the frames of the program called 
“UMNIK” (the agreement with the Innovation Promotion 
Fund № 9106GU2015 of 24.12.15.). 

Благодарности. Авторы выражают благодарность 
сотрудникам отдела разработки перспективных пре-
образователей и технологий и отдела исследования  
и изготовления фотопреобразователей АО «НПП «Квант», 
а также ООО «ТЕСКАН» и лично специалисту, к. ф.-м. н.. 
М. В. Лукашовой. Разработка системы сопровожде-
ния технологии, дополнение ее модулем IVCAnalysis 
[16; 17] проведена в рамках программы «УМНИК», 

соглашение с Фондом содействия инновациям  
№ 9106ГУ2015 от 24.12.15 г.). 

 
References 

 
1. Alferov Zh. I., Andreev V. M., Rumyantsev V. D. 

[Trends and prospects of the development of solar photo-
voltaics]. Fizika i tekhnika poluprovodnikov. 2004, Vol. 38, 
No. 8, P. 937–948 (In Russ.).  

2. Lebedev A. A., Slyshchenko E. V., Vagapova N. T. 
[Modern state of solar cells for space apllication based on 
A3B5]. Tezisy dokladov XX Nauchno-tekhnicheskoy kon-
ferentsii molodykh uchenykh i spetsialistov OAO “RKK 
“Energiya” im. S. P. Koroleva” [Abstracts of the XX 
Scientific and Technical Conference of Young Scientists 
and Specialists of OJSC “RKK “Energia”, S.P. Korolev”]. 
Korolev, 2014, P. 466–467 (in Russ.). 

3. Bahrami A., Mohammadnejad S., Soleimaninezhad S. 
et al. Optimized Single and Double Layer Antireflection 
Coatings for GaAs Solar Cells. International journal of 
renewable energy research. 2013. Vol. 3, No. 1, P. 79–83. 

4. Koltun M. M. Selektivnyye opticheskiye poverkh- 
nosti preobrazovateley solnechnoy energii [Selective op-
tical surfaces of solar energy converters]. Moscow, Nauka 
Publ., 1979, 216 p. 

5. Ritter E. [Dielectric film materials for optical appli-
cations]. Fizika tonkikh plonok. 1975, Vol. 8, P. 7–60  
(In Russ.).  

6. Saylan S., Milakovich T., Hadi S. A. et al. Multi-
layer antireflection coating design for GaAs0.69P0.31/Si 
dual-junction solar cells. Solar Energy. 2015, No. 122, P. 76. 

7. Zhalnin B. V., Kagan M. B., Semenov V. V. et al. 
[Development and creation of pilot production of nanos-
tructured cascade solar cells in the A3B5 system].  
Avtonomnaya energetika: tekhnicheskiy progress i eko-
nomika. 2009, No. 26 (In Russ.).  

8. Slyshchenko Ye. V., Naumova A. A., Vagapova N. T. 
at al. [Overview of modern photovoltaic space-based  
converters based on AIIIBV compounds]. Sbornik tezisov 
konferentsii “Razrabotka, proizvodstvo, ispytaniya i eksplua-
tatsiya kosmicheskikh apparatov i sistem”, IV Nauchno-
tekhnicheskaya konferentsiya molodykh spetsialistov  
AO “ISS” [Proceedings of the conference “Development, 
production, testing and operation of space vehicles and 
systems”, IV Scientific and technical conference of young 
specialists of JSC “ISS”]. Zheleznogorsk, 2017 (In Russ.).  

9. Furman Sh., Tikhonravov A. V. Basics of optics of 
multilayer systems. Editions Frontiers. Gif-sur Yvette, 
1992, P. 242. 

10. Forbes D., Hubbard S. Solar-cell-efficiency  
enhancement using nanostructures. Solar & Alternative 
Energy, SPIE, 2010. Avalible at: http://spie.org/newsroom/ 
3124-solar-cell-efficiency-enhancement-using-nanostruc-
tures?SSO=1 (assessed 25.04.2017). 

11. Nanolithogphy Research Labs. Optical Properties 
of Thin Films for DUV and VUV Microlithograph. 
Available at: http://www.rit.edu (assessed 27.04.2017). 

12. Ofitsial’niy sait fiziko-tekhnicheskogo instituta 
imeni A. F. Ioffe Rossiyskoy Akademii Nauk [The official 
website of the Physico-Technical Institute named after  
A. F. Ioffe Russian Academy of Sciences. N, k database 
on NSM]. Available at: http://www.ioffe.ru (assessed 
25.04.2017).  



 
 
 

Авиационная и ракетно-космическая техника 
 

 65

13. Refractive index database. Base of physical pa-
rameters of materials. Available at: http://refractiveindex. 
info (assessed 03.03.17). 

14. Levinshtein M., Rumyantsev S., Shur M. Hand-
book series semiconductor parameters. Ioffe Institute and 
Rensselaer Polytechnic Institute. 1999, Vol. 2.  

15. Naumova A. A., Vagapova N. T., Lebedev A. A. 
[Modeling and calculation of ohmic and optical losses in 
modern solar cells based on InGaP / InGaAs / Ge]. Tezisy 
dokladov XXI Nauchno-tekhnicheskoy konferentsii molo-
dykh uchenykh i spetsialistov OAO “RKK “Energiya” im. 
S. P. Korolova. [Abstracts of the XXI Scientific and 
Technical Conference of Young Scientists and Specialists 
of JSC “RKK “Energia”, S. P. Korolev”]. Korolev, 2017, 
P. 130–131 (In Russ.).  

16. Tsynikin S. A., Lednev A. M., Lebedev A. A. 
IVCAnalysis Programma analiza vol’t-ampernykh khara- 
kteristik fotoelektricheskikh preobrazovateley i karto-
grafirovaniya dannykh FEP po strukture risunka 
fotoshablona plastiny [Program for the analysis of cur-
rent-voltage characteristics of photoelectric converters 
and mapping of FEP data on the structure of the pattern of 
a photomask plate]. Certificate of state registration of the 
program is RF № 2014662567, 03.12.2014. 

17. Lebedev A. A., Lednev A. M., Tsynikin S. A. 
[Construction of a system for tracking the technology of 
manufacturing solar cells for space applications based on 
A3B5 compounds]. Tezisy dokladov XX Nauchno-
tekhnicheskoy konferentsii molodykh uchenykh i spetsial-
istov OAO “RKK “Energiya” im. S. P. Koroleva”  
[Abstracts of the XX Scientific and Technical Conference 
of Young Scientists and Specialists of OJSC “RKK  
“Energia”, S. P. Korolev”]. Korolev, 2014, P. 466–467 
(In Russ.).  

 
Библиографические ссылки 

 
1. Алфёров Ж. И., Андреев В. М., Румянцев В. Д. 

Тенденции и перспективы развития солнечной фото-
энергетики // Физика и техника полупроводников. 
2004. Т. 38, №  8. C. 937–948. 

2. Лебедев А. А., Слыщенко Е. В., Вагапова Н. Т. 
Современное состояние солнечных элементов косми-
ческого назначения на основе соединений А3В5 // 
Тезисы докладов XX науч.-техн. конф. молодых  
ученых и специалистов ОАО «РКК «Энергия» им.  
С. П. Королёва» (10–14 нояб. 2014, г. Королёв). Коро-
лев, 2014. С. 466–467. 

3. Optimized Single and Double Layer Antireflection 
Coatings for GaAs Solar Cells / A. Bahrami [et al.] //  
International journal of renewable energy research. 2013. 
Vol. 3, № 1. P. 79–83. 

4. Колтун М. М. Селективные оптические поверх-
ности преобразователей солнечной энергии. М. : Наука, 
1979. 216 c. 

5. Риттер Э. Пленочные диэлектрические материа-
лы для оптических применений // Физика тонких пле-
нок / под ред. Г. Хасса, М. Франкомбра, Р. Гофмана. 
М. : Мир, 1978. Т. 8. С. 7–60.  

6. Multilayer antireflection coating design for 
GaAs0.69P0.31/Si dual-junction solar cells / S. Saylan  
[et al.] // Solar Energy. 2015. № 122. С. 76. 

7. Разработка и создание опытного производства 
наноструктурных каскадных ФЭП в системе A3B5 /  
Б. В. Жалнин [и др.] // Автономная энергетика: техни-
ческий прогресс и экономика. 2009. № 26. 

8. Обзор современных фотоэлектрических преоб-
разователей космического назначения на основе соеди-
нений АIIIВV / Е. В. Слыщенко [и др.] // Разработка, 
производство, испытания и эксплуатация космических 
аппаратов и систем : IV науч.-техн. конф. молодых 
специалистов АО «ИСС». Железногорск, 2017. 224 с. 

9. Furman Sh., Tikhonravov A. V. Basics of optics of 
multilayer systems. Editions Frontiers. Gif-sur Yvette, 
1992. 242 p. 

10. Forbes D., Hubbard S. Solar-cell-efficiency enhan- 
cement using nanostructures [Электронный ресурс] // 
Solar & Alternative Energy. SPIE, 2010. URL: http://spie.org/ 
newsroom/3124-solar-cell-efficiency-enhancement-using-
nanostructures?SSO=1 (дата обращения: 25.04.2017). 

11. Nanolithogphy Research Labs // Optical Properties 
of Thin Films for DUV and VUV Microlithograph [Элек-
тронный ресурс]. URL:http://www.rit.edu (дата обра-
щения: 27.04.2017). 

12. Официальный сайт Физико-технического инсти-
тута имени А. Ф. Иоффе Российской академии наук 
[Электронный ресурс] // n,k database on NSM. URL: 
http://www.ioffe.ru (дата обращения: 25.04.2017). 

13. Refractive index database – база физических  
параметров материалов [Электронный ресурс]. URL: 
http://refractiveindex.info/ (дата обращения: 03.03.17). 

14. Handbook series semiconductor parameters / под 
ред. M. Levinshtein, S. Rumyantsev, M. Shur ; Ioffe  
Institute and Rensselaer Polytechnic Institute,. 1999. Vol. 2. 

15. Наумова А. А., Вагапова Н. Т., Лебедев А. А. 
Построение модели и проведение расчета омических 
и оптических потерь в современных солнечных эле-
ментах на основе гетероструктур InGaP / InGaAs / Ge / 
Тезисы докладов XXI науч.-техн. конф. молодых  
ученых и специалистов АО «РКК «Энергия» им.  
С. П. Королёва» (25 окт.–3 нояб. 2017, г. Королёв. 
Королев, 2017. C. 130–131. 

16. Программа анализа вольт-амперных характе-
ристик фотоэлектрических преобразователей и карто-
графирования данных ФЭП по структуре рисунка  
фотошаблона пластины : Свид. о гос. регистрации 
программы для ЭВМ и IVCAnalysis / С. A. Цыникин, 
А. М. Леднев, А. А. Лебедев № 2014662567 ; регистр. 
03.12.14. 

17. Лебедев А. А., Леднев А. М., Цыникин С. А. 
Построение системы сопровождения технологии изго-
товления солнечных элементов космического назна-
чения на основе соединений А3В5 // Тезисы докладов 
XX науч.-техн. конф. молодых ученых и специа-
листов ОАО «РКК «Энергия» им. С. П. Королёва»  
(10–14 нояб. 2014, г. Королёв). Королев, 2017. C. 466–
467. 

 
 
 
 
 

© Genali M. A., Sharov S. K., Lebedev A. A.,  
Vagapova N. T., Zhalnin B. V., 2018 



 
 
 

Сибирский журнал науки и технологий.  Том 19,  № 1 
 

 66

UDC 629.783 
 

Siberian Journal of Science and Technology. 2018, Vol. 19, No. 1, P. 66–75 
 

DETERMINATION OF THE MINIMAL REFLECTING SURFACE POINTS NUMBER REQUIRED  
FOR ASSESSMENT OF LARGE-SIZE TRANSFORMABLE ANTENNA PATTERN DEVIATION  

 
G. I. Kalabegashvili*, E. V. Bikeev, M. G. Mathylenko  

 
JSC “Academician M. F. Reshetnev” Information Satellite Systems” 

52, Lenin Str., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation 
*E-mail: Kalabegashvili89@yandex.ru 

 
Construction of communication spacecraft with large-size transformable antennas developed tendencies to increase 

the operational band frequencies, to reduce specific mass and to increase the overall dimensions of the structures. The 
improvement of technical performance of communication spacecraft with large-size antennas cannot be achieved with-
out ensuring the required accuracy of antenna pattern and of the antenna gain coefficient at its maximum. 

Factors affecting the final quality of large-size structures for space application (of antennas in particular), keep  
influencing the products through all their service life – from design and production to tests and actual operation. The 
“direct” elimination of the negative factors affecting the final output is often unprofitable considering the present de-
velopment of technological support in hi-tech industries. In this respect, control of the ultimate operational characteris-
tics of large-size spacecraft antennas in conditions of real performance, and compensation, if necessary,  
of deviations from the required values, is optimal with respect to the output/cost ratio. This approach is practical  
in determining the onboard antenna pattern and compensating its operational distortions in the process of specified 
spacecraft performance. 

There are two methods of measuring the antenna pattern at the orbit. The first method is based on measurements  
of radio engineering characteristics obtained from ground space vehicles’ service stations. This method is sufficiently 
accurate, but it has several drawbacks. For example, this method increases the number of requirements to ground stations – 
their number, location and characteristics of the equipment in use. The second method bases on obtaining radio engi-
neering characteristics from the configuration and orientation of antenna reflector. The reflector is imaged as a cloud 
of checkpoints reflecting the deviations of the construction’s configuration and orientation from the specified values. 

To obtain the antenna pattern measurements using the second method, an antenna configuration control system 
(ACCS) must be worked out for measuring the coordinates of the reflector surface points. To perform its specific func-
tion, the system should have the following configuration: measuring equipment mounted on the spacecraft casing, and 
control elements fixed on the construction components. This configuration allows to present the antenna construction 
components in the form of checkpoint cloud. 

In the process of the system development the constructional analysis of the possibility of using the antenna configu-
ration measurements for the its pattern calculation and for further assessment of its deviation from the specified values 
was made. This article presents the assessment of the required number of monitored checkpoints on the reflector sur-
face. For this purpose, Ku-band of frequencies was chosen as one of the most common frequency bands used  
by telecommunication spacecraft. Several sets of points were considered, among them the sets belonging both to the 
deformed reflector profile and to the one without deformation. For each set the antenna pattern calculation was made. 
Visual representations of the focal beam and the directive antenna gain were compared. The analysis of the obtained 
data allowed to determine the necessary minimum of checkpoints for antenna pattern calculation with the required  
accuracy. The obtained data were taken into account in formulating the requirements for the system of orbital control 
of antenna configuration. 

 
Keywords: large-size transformable antenna, deployable reflector, antenna pattern, orbital adjustment, antenna 

configuration control system. 
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В создании связных космических аппаратов с крупногабаритными трансформируемыми антеннами имеются 
тенденции к увеличению частот рабочего диапазона, снижению удельной массы и возрастанию общих габа-
ритов конструкций. Улучшение технических характеристик связных космических аппаратов с крупногаба-
ритными антеннами невозможно без обеспечения требуемой точности наведения диаграммы направленно-
сти, коэффициента усиления в её максимуме. 

Факторы, влияющие на конечное качество крупногабаритных конструкций космического назначения, и ан-
тенн в частности, присутствуют на всем жизненном цикле данной продукции: от проектирования и изготов-
ления до испытаний и эксплуатации в натурных условиях. При этом прямое устранение причин, негативно 
влияющих на конечный результат, зачастую является экономически невыгодным при нынешнем развитии 
технологического обеспечения данных наукоемких производств. В связи с этим контроль конечных эксплуата-
ционных характеристик крупногабаритных антенн космических аппаратов в натурных условиях и, в случае 
необходимости, парирование их отступлений от требуемых значений являются наиболее оптимальными  
с точки зрения отношения результат/затраты. Данный подход реализуется при определении диаграммы  
направленности бортовой антенны и компенсации её искажения в процессе эксплуатации космического аппа-
рата по целевому назначению. 

Существуют два способа измерения диаграммы направленности на орбите. Первый способ основан на из-
мерениях радиотехнических характеристик, производимых по наземным станциям обслуживания космических 
аппаратов. Данный способ, несмотря на приемлемую точность, имеет ряд недостатков. Например, использо-
вание данной методики увеличивает количество требований к наземным станциям – их количеству, размеще-
нию и характеристикам применяемой аппаратуры. Второй способ основан на определении радиотехнических 
характеристик, исходя из формы и положения рефлектора антенны. Рефлектор представляют в виде облака 
измеренных точек, которые отражают отклонения формы и положения конструкции от проектных значе-
ний. 

Для реализации измерений диаграммы направленности по второму способу необходимо разработать сис-
тему контроля геометрии антенны, предназначенную для измерения координат точек поверхности рефлектора. 
Для выполнения целевых задач системы имеет место следующая схема: измерительная аппаратура, размещен-
ная на корпусе космического аппарата, и контрольные элементы, размещенные на элементах конструкции. 
Такая конфигурация системы позволяет представлять элементы конструкции антенны в виде облака кон-
трольных точек. 

В рамках работ по разработке этой системы проведен проектный анализ возможности применения изме-
рений геометрии антенны для расчета диаграммы направленности и дальнейшей оценки её отклонения  
от проектных значений. Проведена оценка необходимого количества измеряемых контрольных точек поверх-
ности рефлектора. Для этих целей был выбран Ku-диапазон частот как один из наиболее популярных диапазо-
нов частот, используемых в телекоммуникационных космических аппаратах. Были рассмотрены несколько 
вариантов наборов точек. Среди них были наборы точек, принадлежащих как недеформированному, так  
и деформированному профилю рефлектора. По каждому набору был произведен расчет диаграммы направлен-
ности антенны. Проведено сравнение визуальных представлений фокального луча и коэффициента направлен-
ного действия. В ходе анализа полученных данных было определено минимально необходимое количество  
контрольных точек для расчета диаграммы направленности с требуемой точностью. Полученные данные 
были учтены при формировании требований к системе орбитального контроля геометрии антенны. 

 
Ключевые слова: крупногабаритные трансформируемые антенны, развертываемый рефлектор, диаграмма 

направленности, орбитальная юстировка, система контроля геометрии антенны.  
 
Introduction. Today one of the priority trends in the 

world satellite construction is producing communication 
spacecraft (SC) with large-size transformable antennas 
(LTA) [1; 2]. LTA is a complex technical system on the 
deployment and on the required configuration of which 
depend both the quality of the signal provided for sub-
scribers in the required coverage zone, and general accu-
racy of SC specified performance. 

The quality of the signal is determined by the orienta-
tion accuracy of antenna pattern (AP) of LTA [3] for the 
target coverage zone, and by the level of LTA gain in this 
zone. The necessary radio engineering characteristics 
(REC) of LTA are determined by its practically applied 
construction configuration designed with the required 
accuracy. One of the LTA configuration characteristics 
that influence its REC is the accuracy of the feed and re-
flector interposition, greatly dependent on the reflector 

load-carrying structure – the rod. The next important LTA 
component (from the point of view of the AP formation) 
is the reflector [4–6]. The reflector is a rigid framework 
consisting of a base and spring-type spokes, a form-
building structure fastened to the framework, and a net 
sheet sewn to the form-building structure (fig. 1). To 
maintain the quality of the signal the form of the net sheet 
surface of the reflector must be close to the paraboloid  
of revolution.  

Because of the large size of LTA for its rather small 
weight, the structure rigidity is not sufficient. As a result, 
during the operation at the orbit the structure is subject to 
temperature and elastic deformations [7; 8] which, in turn, 
cause deterioration of the antenna REC and make the sig-
nal in the coverage zone weaker.  

It is possible to compensate REC deterioration, also 
with the help of the stated current AP [9]. 
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Fig. 1. Reflector design 
 

Рис. 1. Конструкция рефлектора 
 

So the following task can be formulated: to measure 
the AP and determine the deviations of its axis from the 
specified values. To assess these AP deviations of SC 
working at the orbit, two different methods can be used. 

The first method is based on the REC measurements 
made by ground SC service stations. This method is suffi-
ciently accurate, but it has some drawbacks. For example, 
it can’t be applied when the spacecraft is being used for its 
specified purpose. The requirements for ground stations – 
their number, location and equipment – also increase 
when this method is applied. 

The second method is based on deriving REC meas-
urements from the configuration and orientation of the 
antenna reflector. The reflector is imaged as a cloud of 
monitored checkpoints able to reflect the deviations of the 
construction’s configuration and orientation from the 
specified values. 

To obtain AP measurements using the second method, 
an antenna configuration control system (ACCS) must be 
worked out [10–13] for measuring the coordinates of the 
reflector surface points. The system should have the fol- 
lowing components: measuring equipment mounted on 
the spacecraft casing, and control elements (light reflec-
tors), on the construction elements. This configuration 
allows to present the LTA construction in the form of  
a checkpoint cloud. 

The initial data required for AP calculation are:  
 coordinates of the radio-reflecting surface points  

or general orientation of the given surface (when radio-
reflecting surface deformations are negligible); 

 feed directional pattern; 
 operation frequency. 
Thus ACCS measurements complementing AFS char-

acteristics specified at the stage of its design and produc-
tion form the initial data sufficient for AP setting. 

There is also a problem of the required number of 
checkpoints. To control the configuration of “rigid” re-
flectors (reflectors having negligible radio-reflecting sur-
face deformations), it is enough to monitor several check-
points, the number and location of which is chosen to 
meet the precision requirements when determining the 
orientation of such reflectors. However, to control the 
configuration of elastic large-size reflectors functioning as 

parts of antennas with UHF operation frequencies, it is 
necessary to assess the reflecting surface deformations, 
since the deformation data contribute a lot to REC of the 
antenna. In these cases the required number of monitored 
checkpoints can reach several thousand. Besides the fac-
tors mentioned, the number of checkpoints determined by 
ACCS depends on:  

– weight and dimensions of control elements; 
 structural features of the antenna; 
 characteristics of calculation algorithms and on-board 

computer; 
 characteristics of measuring instruments. 
This paper shows how the number of checkpoints may 

influence the precision of REC determination for an  
antenna with a large-size deformed reflector. A calculation 
was made to find the AP representing the LTA focal beam 
electrical axis orientation for different numbers of check-
points. AP calculations were made both for the theoreti-
cally determined reflector profile (without deformation) 
and for the deformed reflector profile. The lower KU-
band frequency was taken for the antenna operational 
frequency. 

Initial data for evaluating the electrical character-
istics of antennas. To find the necessary number of 
points of the reflector surface sufficient for calculating the 
antenna electrical characteristics with proper accuracy, 
AP and orientation of the focal beam electrical axis were 
calculated for the antenna reflector with a 12-meter aper-
ture. The calculations were made for different sets of 
points: 1488, 1250, 1000, 750, 500, 250, 25. 

In the documentation for software sets used to calcu-
late AP, it is advisable to choose the number and orienta-
tion of control surfaces that make the distance between 
two neighboring points not more than /(5–6) mm, where 
 is wave length.  

However, it must be taken into account that the reflec-
tor surface is a set of flat trapezoidal facets formed by the 
frontal network checkpoints. It means that the location of 
points inside the facets can be determined by the points 
forming each facet. Thus, the influence of points within 
each facet on the AP can be expressed through the 4 nodal 
points of the frontal network.  

General view 

Load-bearing 
frame 

Pull cables 

Guy wire network

Antenna sheet 
Frontal 
network 
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Consequently, the basic data on reflector surface de-
formations can be derived from coordinates of the frontal 
network nodal points, and to obtain a reliable AP it is 
enough to use for calculation the data on points, the dis-
tance between which (for the current implementation of 
the frontal network) does not meet the above-mentioned 
requirement. 

So, for the checkpoints, at their maximum number, the 
frontal network points with coordinates derived from the 
reflector finite-element model (FEM) can be taken,  
in case the model is framed according to the method  
described in [14]. 

The deformations were obtained in modelling how the 
reflector KEM is affected by a model device of reflector 
configuration finishing adjustment (RCFA). RCFA is a 
device that allows to adjust the position of the spoke  
in the plane of the reflector symmetry axis. The main con-
trols are the tie-rod devices which tighten the cords  
attached to the spokes. 

A more detailed description of RCFA model and im-
plementation logic is presented in [15]. 

The cartogram of distribution of the frontal network 
checkpoints deviations from the theoretical profile made 
for the reflector initial design is shown in fig. 2. Devia-
tions are calculated as the shortest distance from frontal 
network checkpoints to theoretical profile. The SCD of 
the frontal network checkpoints from the reflector theo-
retical profile is 0.2 mm. 

The deformed configuration was framed artificially by 
changing the RCFA tie-rods position in FEM. Tie-rod 
movements are presented in tab. 1. 

The cartogram of distribution of the frontal network 
checkpoints deviations from the theoretical profile for the 
reflector with deformations is presented in fig. 3. The 
SCD of the frontal network checkpoints from the reflector 
theoretical profile is 18.1 mm. 

The theoretical paraboloid coordinate system (TPCS) 
is a coordinate system associated with the SC casing, in 
which the theoretical location of the reflecting surface 
points (theoretical profile) of the reflector is described by 
the canonical equation of paraboloid of revolution. 

The reflector coordinate system (RCS) is the coordi-
nate system determined in [9]. 

The coordinates of different numbers of reflecting sur-
face points were formed by performing the following se-
quence of actions: 

1. The coordinates of a large number (1001000) of the 
reflecting surface points were formed. The coordinates y 
and z of these points were calculated from the following 
parametric equations: 

 
3 cos( ) 8.3,

3 sin( ),

y

z

   
  

 

(1) 

where υ – parameter changing from 0.002 to 2 with step 
of 0.002; ν – parameter changing from 0 to 2π with step 
of 0.002. 
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Fig. 2. Distribution of deviations from TP in the initial design 
 

Рис. 2. Распределение отклонений от ТП в проектном состоянии 

 
                  

Table 1 
Rod movements, mm 

 

Rod 7 Rod 8 Rod 9 Rod 10 Rod 11 Rod 12 Rod 1 Rod 2 Rod 3 Rod 4 Rod 5 Rod 6 

20 0 20 0 20 0 20 0 20 0 20 0 

Note:  “+” – is the movement in direction of the reflector folding. 
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Fig. 3. Distribution of deviations from TP in the deformed state 
 

Рис. 3. Распределение отклонений от ТП в деформированном состоянии 
 
The x coordinates of the deformed and undeformed 

profile were calculated by interpolating the frontal net-
work checkpoints (1488) of the deformed reflector at the 
points with y and z coordinates, calculated from the  
expression (1). 

2. The coordinates of the reflecting surface points 
formed in 1 were recalculated in RCS: 

 
Р_ТПР ТП

Р ТП_Р ТП Р_ТП

Р ТП Р_ТП

,

XX X

Y M Y Y

Z Z Z

 
 

   
  
 

 (2) 

where ТП_Р

cos( ) sin( ) 0

sin( ) cos( ) 0

0 0 1

M

 
     – transition matrix 

from TPCS to RCS; θ – rotation angle of RCS about the 
axis of OZ TPCS equal to 26.5651 degr; XТП, YТП, ZТП – 
coordinates of the point in TPCS; XР, YР, ZР – coordinates 
of the point in RCS; XР_ТП, YР_ТП, ZР_ТП – coordinates of 
RCS center location in TPCS equal to [2296.35 mm, 
8731.49, mm 0]. 

3. Coordinates of the required number of reflecting 
surface points were formed. For the purpose a formation 
of a network of points uniformly distributed in the YOZ 
RCS plane was carried out:  y coordinate of the network 
points changed from –7 to 7 m; z coordinate of the  
network points changed from –6 до 6 m; interpoint step 
relative to both coordinates made h (tab. 2).  

The coordinates x of the points of the reflector’s  
deformed and undeformed profiles were determined  
by interpolation of the points obtained in 2, at the points 
of the pre-formed network. In the process of interpolation, 
the network points located outside the radio-reflecting 
surface were discarded. A network of 250 points of radio-
reflecting surface in the YOZ plane of RCS after interpo-
lation is shown in fig. 4. 

4. The coordinates of the required number of reflect-
ing surface points formed in 3 were recalculated in TPCS 

 

Р_ТПТП Р

ТП Р_ТП Р Р_ТП

ТП Р Р_ТП

,

XX X

Y M Y Y

Z Z Z

    (3) 

where Р_ТП

cos( ) sin( ) 0

sin( ) cos( ) 0

0 0 1

M

  
    – transition matrix 

from RCS to TPCS; θ – rotation angle of RCS about the 
axis of OZ TPCS; XТП, YТП, ZТП – coordinates of the point 
in TPCS; XР, YР, ZР – coordinates of the point in RCS; 
XР_ТП, YР_ТП, ZР_ТП – coordinates of RCS center location 
in TPCS. 

A network of 250 points of radio-reflecting surface  
in YOZ plane of TPCS is shown in fig. 5. Dashed lines in 
fig. 5 show the circle that is the generator of a cylinder, 
the intersection of which with the paraboloid of revolution 
forms the radio-reflecting surface. 

Antenna REC calculation. That was made for the 
following numbers of reflector surface points: 1488, 
1250, 1000, 750, 500, 250 and 25. 

Fig. 6 shows the focal beam pattern at the lower  
operational band frequency for the antenna reflector theo-
retical profile at different profile points number.  

Fig. 7 shows the focal beam pattern at the lower  
operational band frequency for the deformed reflector 
profile of antennas with different profile points number. 

Fig. 8 shows the focal beam pattern for the unde-
formed profile (left) and for the deformed profile (right) 
at 25 points. 

Tab. 3 presents calculations of antenna focal beam DG 
at the upper KU-band frequency for the deformed reflec-
tor profile and for that without deformation.  

Analysis of calculation results. Fig. 6 and 8 of the 
focal beam pattern indicate that with the lower number of 
reflector’s monitored points, the beam pattern is distorted; 
the effect is present even at 500 checkpoints, and the 
beam pattern gets completely distorted at 25 checkpoints. 
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Table 2 

Network step h, m 
 

Reflecting surface points 
number 

1250 1000 750 500 250 

Theoretical profile 0.31775 0.355 0.4098 0.499986 0.7052 

Deformed profile 0.317 0.3552 0.40954 0.5 0.7055 
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Fig. 4. Network of 250 points in the YOZ plane of RCS after interpolation 

 
Рис. 4. Сетка из 250 точек в плоскости YOZ СКР после интерполяции 
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Fig. 5. Network of 250 points in the YOZ plane of TPCS 

 
Рис. 5. Сетка из 250 точек в плоскости YOZ СКТП 
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Fig. 6. Focal beam pattern at the lower operational band frequency  
with different numbers of the reflector theoretical profile points 

 
Рис. 6. Контур фокального луча на нижней частоте рабочего диапазона  
при различном количестве точек теоретического профиля рефлектора 

 
Fig. 7 and 8 showing the focal beam pattern for a de-

formed reflector indicate that the given reflector deforma-
tion causes a deep distortion of the beam. They also con-
firm that with a decrease in the number of reflector’s 
monitored points the contour of the beam is distorted. For 
the deformed reflector the beam contour is completely 
blurred at 25 checkpoints. 

The results of directive gain of antenna focal beam 
calculation presented in tab. 2 confirm the deterioration of 
focal beam characteristics at the upper operational band 
frequency with the decrease in the number of reflector’s 
monitored points. The minimum of 250 monitored reflec-
tor checkpoints is acceptable; at that the calculated dete-
rioration of the focal beam DG at the upper operational 
band frequency is 2.21 %. That number of the reflector 

surface monitored points makes it possible to assess the 
antenna focal beam electrical characteristics with a per-
missible error. 

Conclusion. The problem of choosing the monitored 
points number of the reflecting surface considered in this 
paper is relevant for the problem of design of LTA con-
figuration control system at the orbit. Such system allows 
to determine the AP when the orientation and form of the 
LTA components is stated. The proposed approach  
to determination of the monitored points number, as well 
as the results of its application for a specific operating 
antenna are aimed at perspective SC projects and at  
formulating the technical specification requirements for 
making SC antenna-feeder systems. 
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Fig. 7. Focal beam pattern at the lower operational band frequency  
with different numbers of the deformed reflector profile points 

 
Рис. 7. Контур фокального луча на нижней частоте рабочего диапазона  
при различном количестве точек деформированного профиля рефлектора 

 

 
 

Fig. 8. Focal beam pattern at the lower operational band frequency  
with 25 points for both reflector profiles  

 
Рис. 8. Контур фокального луча на нижней частоте рабочего диапазона  

при 25 точках для двух профилей рефлектора 
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                                                                                                                                                 Table 3 
Directive gain of the antenna focal beam at the upper operational band frequency for different reflector profiles 

 

DG, percent 
Number of points 

Reflector profile without deformation Deformed reflector profile 

1488 100 74.77 

1250 99.83 75.15 

1000 99.75 75.52 

750 99.62 76.17 

500 99.26 75.33 

250 97.79 73.83 

25 64.03 56.80 
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In the present investigation we envisage the spacecraft motion of Gonets-M (Gn-M) orbit group which is located  

in a circular orbit at a height of 1500 km with an inclination of 82.5 degrees. Its movement is measured based on the 
current navigation parameters which reveal its orbital motion analysis. Gn-M has a special characteristic feature  
of rotation with apsidal motion in frozen orbit. Based on this fact, the present study was carried out with the conception 
of a frozen orbit of Gn-M by investigating eccentricity parameter e and perigee argument w.  The comparative analysis 
is presented as graphs which indicates the variation in the values of eccentricity parameters e and the perigee argument 
w which is calculated based on the current navigation parameters and the predicted motion of Gn-M. An orbital meas-
urement was carried out by studying three Gn-M of the same orbital plane over a period of one year. The study insight 
on the complete analysis of specific changing revolution of the nodical period of Gn-M staying at frozen orbit. The am-
plitude vibrations of an orbital nodical period are calculated and compared with the orbital parameters of Gn-M which 
are in the same orbital plane. Overall the results obtained in the present investigation are promising enough which can 
aid in improving the calculation accuracy of orbit correction parameters of Gn-M.  
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АНАЛИЗ СТАБИЛЬНОСТИ ДВИЖЕНИЯ КОСМИЧЕСКОГО АППАРАТА  

«ГОНЕЦ-М» № 37152 ПО ОРБИТЕ 
 

И. К. Коловский*, Д. Н. Шмаков, В. Н. Подолякин 

 
АО «Информационные спутниковые системы» имени академика М. Ф. Решетнёва» 
Российская Федерация, 662972, г. Железногорск Красноярского края, ул. Ленина, 52 

*Е-mail: kolovigor@mail.ru 
 

Исследуется движение космических аппаратов орбитальной группировки «Гонец-М». Орбитальная группи-
ровка «Гонец-М» представляет собой космические аппараты на круговой орбите с высотой 1500 км и накло-
нением 82,5°. Для анализа движения по орбите используются измерения текущих навигационных параметров 
космических аппаратов «Гонец-М». Рассмотрены особенности изменения параметров орбиты космических 
аппаратов «Гонец-М». После анализа орбитального движения была отмечена особенность во вращении линии 
апсид космического аппарата «Гонец-М» на замороженной орбите. Раскрывается понятие «замороженная 
орбита». Приведены значения параметров орбиты эксцентриситета е и аргумента перигея w, характери-
зующие подобные орбиты. Построены сравнительные графики изменения значений параметров орбиты экс-
центриситета е и аргумента перигея w, полученных с помощью измерения текущих навигационных парамет-
ров, и соответствующих значений, рассчитанных через прогнозирование движения космического аппарата 
«Гонец-М». Рассмотрено и приведено на одном графике вековое изменение периода обращения в течение года  
у трех космических аппаратов «Гонец-М» одной орбитальной плоскости. Выявлена особенность изменения 
величины драконического периода обращения космического аппарата на замороженной орбите. Вычислена 
величина амплитуды колебания драконического периода обращения. Проводится сравнительный анализ пара-
метров орбиты космических аппаратов «Гонец-М», которые находятся в одной орбитальной плоскости.  
Полученные результаты могут способствовать повышению точности вычисления параметров коррекции  
орбиты космического аппарата «Гонец-М». 

 
Ключевые слова: космический аппарат, параметры орбиты, эксцентриситет, аргумент перигея, дракони-

ческий период обращения, баллистика.  
 
Introduction. The flatness of the Earth leads to the 

displacement of the satellite orbit perigee [1]. However, 
after consideration of the orbit group parameters of Gn-M, 

it was observed that the orbit apsidal line of SC No 37152 
vice versa practically retains its position. Despite the fact 
that the orbital plane inclination of Gn-M is different from 
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the critical value (the critical inclination equal to 63.43 
degrees and 116.57 degrees).  

It was found out that after the reduction correction Gn-M 
No 37152 hit the target orbit at a height of 1500 km with 
an inclination of 82.5 degrees with special laws changes 
in the orbit parameters – frozen orbit. 

The study of the evolution of the orbital parame-
ters e and w of Gn-M. A frozen orbit is an orbit whose 
mid elements, particularly the eccentricity e and the peri-
gee argument w, for a long period of time can take almost 
constant or within a limited range enclosed values [2–4]. 

Analysis was studied by measurements of current 
navigation parameters (MCNP) of SC’s No 37152,  
No 38736, No 38734 which are located in the same  
orbital plane. Special attention was paid to the following 
SC orbit parameters: e, w and the nodical period Tnd. 

Due to the analysis it turned out that the parameters, 
obtained after processing MCNP of SC’s No 38736,  
No 38734 behave in the following way: w changes in the 
range from 0 degree to 360 degrees, i. e., it has secular 

changes, e changes in the range from 0.001 to 0.003. The 
nodical period Tnd in addition to the secular component 
has got a long-period one. On the other hand, orbit pa-
rameters w and e of SC No 37152 change in a completely 
different way (tab. 1). 

It must be noted that SC No 37152 is different in be-
havior of the considering orbital motion elements accord-
ing to its own points A1–A5 (tab. 1) in comparison with 
parameter values at points B1–B5 and C1–C5 of other 
SC’s and in addition to this its secular component of the 
perigee argument change disappeared.  

Therefore, further for the study, we take the values  
obtained by MCNP, orbit parameters e and w of SC’s  
No 37152, No 37836 and No 38734 over a period of one 
year (tab. 1) and compare these values with the predicted 
values of e and w. The forecast will be carried out taking 
into account the influence of the Sun, moon and the resis-
tance of the atmosphere over a period of one year. All the 
corresponding values will be presented in one graph  
(fig. 1–3). 

 
Table 1 

The MCNP results of SC’s No 37152, No 38736, No 38734  
 

SC No 37152 
№ Date Тnd, с e w, ° i, ° 
А1 04.06.16 6955.066 0.0010284 67.778 82.460 
А2 06.07.16 6955.067 0.0011624 73.497 82.460 
А3 06.11.16 6955.046 0.0009379 73.050 82.459 
А4 06.03.17 6955.042 0.0012092 61.417 82.461 
А5 07.07.17 6955.019 0.0012199 75.115 82.463 

SC No 38736 
№ Date Тnd, с e w, ° i, ° 
B1 29.06.16 6955.032 0.0032782 70.250 82.484 
B2 22.09.16 6954.957 0.0010319 238.830 82.484 
B3 16.11.16 6954.955 0.0028615 107.508 82.487 
B4 17.03.17 6954.950 0.0011888 197.741 82.488 
B5 17.07.17 6954.914 0.0019047 349.824 82.486 

SC No 38734 
№ Date Тnd, с e w, ° i, ° 
С1 29.06.16 6954.913 0.0030670 69.888 82.479 
С2 21.08.16 6954.883 0.0017654 177.554 82.475 
С3 26.11.16 6954.899 0.0028563 91.390 82.482 
С4 27.03.17 6954.905 0.0014133 163.996 82.484 
С5 05.05.17 6954.892 0.0027339 99.380 82.483 

 

 
 

Fig. 1. e, w orbit parameters change of SC No 37152 over a period of one year 
 

Рис. 1. Изменение параметров е, w на орбите КА № 37152 на интервале одного года 
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Fig. 2. e, w orbit parameters change of SC No 38736 over a period of one year 
 

Рис. 2. Изменение параметров е, w на орбите КА № 38736 на интервале одного года 
 
 

 
 

Fig. 3. e, w orbit parameters change of SC No 38734 
over a period of one year 

 
Рис. 3. Изменение параметров е, w на орбите КА № 38734 

на интервале одного года 
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At the fig. 1, 2 and 3 it can be seen that the values ob-
tained by MCNP are in good agreement with the values 
calculated by the forecast of SC orbit motion. 

Looking at tab. 1 and fig. 1 it can be concluded that in 
a frozen orbit parameters e and w of SC No 37152 are 
changing in the following intervals of values 

 0.0009 ≤ e ≤ 0.0013;  60.0° ≤ w ≤ 80.0° (1) 

The obtained inequalities of e and w changes are  
assumed as a condition for SC being in a frozen orbit  
at an orbit height of 1500 km with an inclination of 82.5 
degrees. 

The orbit period changes of Gn-M. Consideration 
should be given to the nodical period Tnd of Gn-M. The 
observation of the Tnd secular changes according to the 
NORAD database [5] shows that SC No 37152 has sig-
nificant decreasing of the amplitude of the long-period 
component in the nodical period, compared to SC  
No 38736 and SC No 38734 of the same orbital plane and 
of the same location in a non-frozen orbit (fig. 4). 

It is necessary to pay attention to one more feature of 
carrying out calculations by Tnd using. It is talked about 
the influence of TGF tesserial harmonics on the average 
anomaly. These harmonics cause secular perturbation in 
the average anomaly, what corresponds to the SC secular 
drift along the trajectory. This secular drift should be 
taken into account in project calculations where the initial 
conditions are the use of the sculating orbital elements at 
some point. If Tnd is used as initial conditions, this pertur-
bation should not be taken into account, since it is included 
as a component of nodical period initial value [6; 7]. 

The analysis of the secular change in Tnd circulation 
period by all three SCs Gn-M shows that every SC Tnd 
value over a period of one year, starting since 01.06.2016, 
decreased an average of ~ 0.04 s. 

Considering fig. 4 in greater detail, the significant  
amplitude decreasing of the long-period component can  
be noted in the nodical period of Gn-M No 37152. The 
changing nature of treatment period became smooth over 
time. 

The difference in Tnd values changes of SC No 37152 
and Tnd of other orbit group SCs can be explained due  
to the influence of long-period perturbations [8]. 

The oscillation amplitude changes of Gn-M side-
real period in orbit. The long-period component is gen-
erated by the long-period oscillations of the nodical pe-
riod, which have an amplitude [9–11] 

 АТ = 3·C2,0·(Rэ/a)2·Tnd·(2 – (5·sin2(i))/2)·e, (2) 

where C2.0 = –1082.627·10–6 – dimensionless constant 
characterizing the shape of the Earth; Rэ = 6378.16 km – 
the equatorial radius of the Earth [12; 13]; e – the 
eccentricity of orbit turn; a = 7878.16 km – a large orbit 
axis; Tnd = 6955.0 s – the initial value of Gn-M orbit 
nodical period [14]; i = 82.5 degrees – the inclination  
of orbital plane. 

On substituting values into expression (2), the follow-
ing formula is obtained 

 АТ = 6.8·e. (3) 

 
 

 
 

Fig. 4. Tnd change of SC No 37152, SC No 38736 and SC No 38734 
 

Рис. 4. Изменение Тдр КА № 37152, КА № 38736 и КА № 38734 
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Table 2 
AT, (Tnd)dk  calculations results following MCNP data 

 

SC No 37152 

Date e w, ° АТ (Тnd)dk, с 1/2·(Тnd)dk, с 

04.06.16 0.0010284 67.778 0.00699 –0.00265 –0.00133 

06.07.16 0.0011624 73.497 0.00790 –0.00225 –0.00113 

06.11.16 0.0009379 73.050 0.00638 –0.00186 –0.00093 

06.03.17 0.0012092 61.417 0.00822 –0.00394 –0.00197 

07.07.17 0.0012199 75.115 0.00830 –0.00214 –0.00107 

SC No 38736 

Date e w, ° АТ (Тnd)dk, с 1/2·(Тnd)dk, с 

29.06.16 0.0032782 70.250 0.02229 –0.00755 –0.00377 

22.09.16 0.0010319 238.830 0.00702 0.00364 0.00182 

16.11.16 0.0028615 107.508 0.01946 0.00584 0.00292 

17.03.17 0.0011888 197.741 0.00808 0.00770 0.00385 

17.07.17 0.0019047 349.824 0.01295 –0.01274 –0.00637 

SC No 38734 

Date e w, ° АТ (Тnd)dk, с 1/2·(Тnd)dk, с 

29.06.16 0.0030670 69.888 0.02086 –0.00718 –0.00359 

21.08.16 0.0017654 177.554 0.01200 0.01199 0.00600 

26.11.16 0.0028563 91.390 0.01942 0.00046 0.00023 

27.03.17 0.0014133 163.996 0.00961 0.00923 0.00462 

05.05.17 0.0027339 99.380 0.01859 0.00301 0.00151 

 
In this case, the long-period oscillations of nodical 

period (Tnd)dk at the time of equator passing take the 
following form [9–11] in the turn 

 (Тnd)dk = –АТ·cos(w), (4) 

where w is the value of the orbit perigee argument in the 
turn. 

Following MCNP data the Gn-M orbits eccentricity is 
being ranged between 0.001 and 0.004. It follows that the 
long-period component amplitude of the nodical period АТ 
is 0.007–0.030 s according to the formula (3). 

If Gn-M No 37152 is moving along frozen orbit, its АТ 
change is different. To check this situation actual values 
obtained by MCNP, w and e parametres results are taken 
out of the tab. 1, formulas (3), (4) are used for calcu- 
lations (tab. 2). In tab. 2 parameter 1/2 · (Tnd)dk means the 
semirange of Tnd long-period oscillations.  

It must be noted that the value (Tnd)dk depends on time. 
Comparing presented in tab. 2 parameter 1/2·(Tnd)dk with 
the values of the Tnd. behavior by its real observations 
(see fig. 4) it can be seen that in both cases the semirange 
of the long-period oscillations of Tnd period is about 0.001 s 
in magnitude. In the tab. 2 t SC No 37152 eccentricity 
changes from 0.0009 to 0.0013, thus the long-period 
component amplitude of the nodical period changes in 
closer limits from 0.007 to 0.009 s. 

Conclusion. Presented data point to a potentially 
promising application area of orbits as a frozen orbit. The 
detection of the nature changes in the motion of SC Gn-M 
No 37152 in such an orbit can aid in improving the calcu-
lation accuracy of orbit correction parameters, which will 

be relevant by increasing the number of Gn-M orbit 
groups, as is proposed in [15], and by a significant reduc-
tion of SC retention area at the necessary points of stand-
ing, i. e., in connection with the requirements increasing 
to the structural stability of the orbital group. 
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The applications of space vehicles in the modern world are extensive enough: satellite communication, broadband 

and narrowband broadcasting, meteorology, scientific research and others.  
For this reason, modern space vehicles use the latest achievements of science and technology. It allows us to create 

easy, compact space vehicles with a wide functional.  
The devices developed in the Research and Production Center “Polus” should meet the requirements of advanced 

reliability both for regular and for emergency operating modes. One of the scopes of application of such devices is  
designing of space vehicles. 

The main task at designing and manufacturing of devices and their components is reliability maintenance. This is  
a primary requirement to custom-made products for which repair at major failures is extremely labor-consuming.  
At the same time, serious demands are made to mass, dimensional characteristics, power consumption, payloads, noise 
characteristics of separate blocks and devices, and other technical parameters. However, it is necessary to consider 
that at high requirements to characteristics the process of creation of products should be technological. 

There are various techniques to define reliability of technical devices and their components. One of such ways  
is carrying out the whole complex of tests simulating a full cycle of operation of the device or a mechanism. However, 
experimental techniques have essential disadvantages, namely: high cost and long duration. Mathematical modelling 
allows us to reduce expenses on mock-up designing, engineering time, risks, to reveal weak points, to develop recom-
mendations for strengthening the design and to give preliminary conclusions about firmness of the device to loads. 

Along with thermal, electrostatic and frequency characteristics, mechanical effects play an important role, i. e.  
dynamic and static loads. In this paper, the results of modelling of external mechanical effects on the device are pre-
sented. Numerical modelling of quasi-static loading and effect on the device of random vibration is conducted and the 
modal analysis is carried out. Oscillation modes of the first three resonant frequencies of the device, stress, displace-
ments and accelerations diagrams are obtained. Load factors, the maximum values of displacements and accelerations 
at impact actions are determined. 

 
Keywords: modelling, mechanical analysis, durability, quasi-static loading, vibration, shock load. 
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ТРЕХМЕРНОЕ МОДЕЛИРОВАНИЕ ВНЕШНИХ МЕХАНИЧЕСКИХ ВОЗДЕЙСТВИЙ  

НА ПРИБОРЫ И УСТРОЙСТВА В SOLIDWORKS SIMULATION 
 

С. Г. Мартюшев, А. А. Дементьев* 
 

АО «НПЦ «Полюс» 
Российская Федерация, 634045, г. Томск, пл. Кирова, 56в 

*E-mail: info@polus-tomsk.ru 
 

Области применения космических аппаратов в современном мире достаточно обширны: спутниковая 
связь, широкополосное и узкополосное вещание, метеорология, научные исследования и пр.  

Именно поэтому современные космические аппараты используют все последние достижения науки и тех-
ники. Это позволяет создавать легкие, компактные космические аппараты с широким функционалом.  

К приборам, разрабатываемым в АО «НПЦ «Полюс», предъявляются требования повышенной надежности 
как в штатных, так и нештатных режимах работы. Одной из сфер применения подобных приборов является 
проектирование космических аппаратов. 

Главной задачей при проектировании и изготовлении приборов и узлов является обеспечение надежности. 
Это первостепенное требование к штучным несерийным изделиям, для которых ремонт при серьезных неис-
правностях чрезвычайно трудоемок. В то же время к ним предъявляются серьезные требования к массовым, 
габаритным характеристикам, энергопотреблению, полезным нагрузкам, шумовым характеристикам  
отдельных блоков и приборов, а также прочим техническим параметрам. Однако следует учитывать, что 
при высоких требованиях к характеристикам процесс создания изделий должен быть технологичен. 
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Существуют различные методики определения надежности приборов и узлов технических устройств.  
Одним из таких способов является проведение целого комплекса испытаний, имитирующих полный цикл функ-
ционирования прибора или устройства. Однако экспериментальные методики имеют существенные недос-
татки, а именно, высокую стоимость и большую временную длительность. Математическое моделирование 
позволяет уменьшить расходы на макетное проектирование, сократить время разработки, уменьшить риски, 
выявить слабые места, разработать рекомендации по усилению конструкции и дать предварительное заклю-
чение о стойкости прибора к нагрузкам. 

Наряду с термическими, электростатическими и частотными характеристиками важную роль играют 
механические воздействия. Динамические и статические нагрузки. Представлены результаты моделирования 
внешних механических воздействий на прибор. Проведено численное моделирование квазистатического нагру-
жения и воздействия на прибор случайной вибрации, проведен модальный анализ. Получены моды колебаний 
первых трех резонансных частот прибора, эпюры напряжений, перемещений и ускорений. Определены коэф-
фициенты запаса прочности, максимальные значения перемещений и ускорений при ударных воздействиях. 

 
Ключевые слова: моделирование, механический анализ, прочность, квазистатическое воздействие, вибра-

ция, ударные нагрузки.  
 
Introduction. At present, when developing radioelec-

tronic and electronic equipment, much attention is paid to 
the creation of three-dimensional models of devices. This 
allows you to reduce the cost of breadboard design and 
development time, to identify weak points, to develop 
recommendations for strengthening the design and to give 
a preliminary conclusion about the resistance of the device to 
loads. In this regard, numerical modelling is widely used 
in the design as an initial stage of complex testing of de-
vices. With the help of specialized software the problems 
of strength, stability, dynamics, composites mechanics, 
hydrodynamics and heat transfer are solved [1–13]. 

The specific features of the devices, being developed 
in the Research and Production Center “Polus”, is that 
they must be rigid and strong. The load-bearing elements 
of the structure consist of plates and frames. In conditions 
of weight limitations, it is necessary to ensure the struc-
tural strength of devices and machinery in accordance 
with the specification. 

Thus, the purpose of this work is to analyze the design 
of the device for resistance to external mechanical effects. 

The analysis extends to the automation unit (AB). 
Mechanical loads are defined according to the specifica-
tions. The analysis was carried out by means of the 
SolidWorks software [14; 15]. 

The design of the automation unit (AB). According 
to the dimensional outline the AB has dimensions 
340×200×200 mm and weight (6.7 ± 0.2) kg. 

The automation unit is structurally composed of four 
unified bases of the torque control channels (TCC) and  
a filter located on the upper surface of the TCC, tightened 
at the corners by pins. The cases of the TCC are made  
of the alloy MA2-1 State Standard 21990–76 and have  
a wall thickness of 2 mm and a base of 3 mm. On each of 
the four bases, PCBs of glass fiber textolite STF-2-35-OS 
technical specification TU 16-503.161–83 are pressed. 
The side surfaces of the AB are covered with covers of 
the alloy MA2-1 State Standard 21990–76 with the thick-
ness of 3 mm. To mount the device on its body on both 
sides there are six mounting feet. 

Finite element model of the device. The modelling 
process begins with the creation of a geometric model of 
the AB (fig. 1), performed in accordance with the set of 
design documentation. In the model there are no elements 
that lack the effect of strengthening of the structure, but 

their mass and the mass of radioelectronic devices are 
taken into account. 

The software automatically creates a combined grid  
on a geometric model (fig. 2). The number of grid nodes 
is 1 501 193, and the elements – 888 873. The quality  
of the grid is determined by means of the Jacobian. For 
the given grid with a minimum (2 mm) and maximum  
(25 mm) side dimensions of its elements, the Jacobian is 
29.4 (fig. 3). Its acceptable value is considered not more 
than 40. 

The following material parameters were taken into ac-
count in the analysis (tab. 1): density; Poisson’s ratio; 
modulus of elasticity (Young’s modulus); tensile yield 
strength; strength limit. 

The requirements for resistance to external effects. 
In accordance with the requirements specification the 
device must remain operational after various mechanical 
effects. During the modelling quasi-static effects, impact 
loads specified in the form of a shock spectrum and ran-
dom and sinusoidal vibrations were used. 

Modal Analysis. The eigenfrequencies, forms (modes) 
of vibrations of the AB model (fig. 4–6) and the resulting 
coefficient of mass participation are determined by the 
modal analysis (fig. 7). 

Modelling of quasi-static effect and sinusoidal vi-
bration. Border conditions: 

– all elements of the model have a global contact with 
one another; 

– the effect of gravity (acceleration of gravity) is taken 
into account; 

– type of material model – linear, elastic, isotropic; 
– the device is rigidly fixed over the entire surface of 

the mounting feet; 
– the impact is applied to the base of the model con-

secutively in each of the three mutually perpendicular 
directions. 

The natural frequencies of the AB model, obtained as 
a result of the modal analysis, exceed 150 Hz. Therefore, 
the calculation of sinusoidal vibration can be replaced by 
calculation for a quasi-static effect, since the stress arising 
in the elements of the model under the effect of a sinusoidal 
vibration will correspond to the stress under quasi-static 
loads. 

In the case of quasi-static effect on the AB model, the 
maximum stress appears in the bases of the TCC (tab. 2). 
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As a result of the calculation, the values of the maximum 
stress and displacements under the effect along each of 

the three mutually perpendicular directions were obtained. 

 
 

 
 

Fig. 1. Geometrical model of automation block (AB) 
 

Рис. 1. Геометрическая модель БА 
 

 
 

Fig. 2. A grid on geometrical model AB  
 

Рис. 2. Сетка на геометрической модели БА 
 

 
 

Fig. 3. Jacobian distribution  
 

Рис. 3. Эпюра якобиана 
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Table 1 
 Physical-mechanical characteristics of used materials 
 

Parameter value  

Material parameter   
Steel 10 short-
time strength, 
State Standard 

1050–88  

Magnesium alloy 
MA2-1,  

State Standard 
21990–76  

Aluminum alloy AMg6 2, 
State Standard 21631–76  

Glass textolite,  
STF-2-35-OS  

technical specification 
TU 16-503.161–83  

Density kg/m3   7 856 1 790 2 640 1700 

Elastic modulus MPa  186 000 41 160 69 500 21 000 

Poisson’s ratio  0.3 0.33 0.33 0.15 

Tensile yield strength, 
MPa (kgf/mm2)  

205 (20.9) 137.3 (14) 147 (15) – 

Ultimate strength, MPa 
(kgf/mm2)  

333 (34) 245.25 (25) 294 (30) 300 (30.6) 

 
 
 

 
 

Fig. 4. First form of oscillations of model AB on frequency of 286 Hz  
 

Рис. 4. Первая форма колебаний модели БА на частоте 286 Гц 
 
 
 

 
 

Fig. 5. Second form of oscillations of model AB on frequency of 316 Hz  
 

Рис. 5. Вторая форма колебаний модели БА на частоте 316 Гц 



 
 
 

Сибирский журнал науки и технологий.  Том 19,  № 1 
 

 86

 
 

Fig. 6. Third form of oscillations of model AB on frequency of 362 Hz  
 

Рис. 6. Третья форма колебаний модели БА на частоте 362 Гц 
 

 
 

Fig. 7. Result factor of mass participation:  
1 – mass participation in a direction of OZ axis; 2 – mass  
participation in a direction of OY axis; 3 – mass participation  
 

in a direction of OX axis 
 

Рис. 7. Результирующий коэффициент массового участия:  
1 – массовое участие в направлении оси OZ; 2 – массовое 
участие в направлении оси OY; 3 – массовое участие  
 

в направлении оси OX 
 

Table 2 
Values of maximum stress and displacements OX, OY, OZ axes at quasi-static load 

 

Direction of effect  The maximum stress, MPa  The maximum displacement, mm  
Along OX axis    9.7 0.012 
Along OY axis    7.3 0.063 
Along OZ axis  15.9 0.072 

 
 
The load factor of η elements of the AB model is cal-

culated by the formula 

 von Mises

1,b  


 (1) 

where b is the yield strength of the material, MPa;  
von Mises is the calculated value of the stress according  
to Mises, MPa.  

For principal stresses σ1, σ2, σ3, the Mises stress is  
expressed as 
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     2 22
1 2 2 3 1 3

von Mises .
2

       
   

The minimum load factor in the base of the TCC 
along the OZ axis is 8.6  . 

Stress and displacement distributions in the AB model 
under the effect of quasi-static accelerations along three 
mutually perpendicular axes are obtained (fig. 8–13). The 
maximum stress along the OZ axis occurs at the base  
of the TCC. 

Modelling of the effect of random vibration. Border 
conditions: 

– all elements of the model have a global contact with 
one another; 

– damping in the model is 2 % of the critical; 
– type of material model – linear, elastic, isotropic; 
– the device is rigidly fixed over the entire surface  

of the mounting feet; 

– the impact is applied to the base of the AB model 
consecutively in each of the three mutually perpendicular 
directions. 

The maximum stress occurs at the base of the TCC at 
random vibration in the direction of the OX axis (tab. 3). 
The values of the maximum stress, accelerations and  
displacements at the level σ under the effect along each of 
the three mutually perpendicular directions are obtained. 

The damping factor with respect to the critical damp-
ing was assumed to be 0.02. The finite element model  
of the device is presented in Section 2. 

The minimum load factor in the base of the TCC 
along the OZ axis at the level 3σ, calculated by the for-
mula (1), is η = 1.39. 

Forms and values of accelerations, displacements and 
stress in the AB model at the effect of random vibration in 
the direction of the axes in accordance with tab. 3 are 
shown in fig. 14–22. In some drawings several elements 
of the design are hidden for the better visualization of 
maximum accelerations, displacements and stress. 

 

 
 

Fig. 8. Distribution of stress in AB model  
at quasi-static load along OX axis  

 
Рис. 8. Распределение напряжений в модели БА 
при квазистатическом воздействии по оси ОХ 

 

 
 

Fig. 9. Distribution of stress in AB model  
at quasi-static load along OY axis  

 
Рис. 9. Распределение напряжений в модели БА 
при квазистатическом воздействии по оси ОY 
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Fig. 10. Distribution of stress in AB model  
at quasi-static load along OZ axis  

 
Рис. 10. Распределение напряжений в модели БА 
при квазистатическом воздействии по оси ОZ 

 

 
 

Fig. 11. Distribution of displacement in AB model  
at quasi-static load along OX axis  

 
Рис. 11. Распределение перемещений в модели БА 
при квазистатическом воздействии по оси ОХ 

 

 
 

Fig. 12. Distribution of displacement in AB model  
at quasi-static load along OY axis  

 
Рис. 12. Распределение перемещений в модели БА 
при квазистатическом воздействии по оси ОY 
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Fig. 13. Distribution of displacement in AB model  
at quasi-static load along OZ axis  

 
Рис. 13. Распределение перемещений в модели БА  
при квазистатическом воздействии по оси ОZ 

 
Table 3 

Values of maximum stress, displacements and accelerations along OX, OY, OZ axes at effect of random vibration 
 

Direction of impact  The maximum stress, MPa  The maximum displacement, mm The maximum acceleration, g 

Along OX axis  29.8 0.006 10.98 

Along OY axis  5.66 0.177 72.09 

Along OZ axis  32.9 0.135 56.05 
 

 
 

Fig. 14. Distribution of accelerations in AB model  
at effect of random vibration along OX axis  

 
Рис. 14. Распределение ускорений в модели БА  
при воздействии случайной вибрации по оси ОХ 

 

 
 

Fig. 15. Distribution of displacements in AB model  
at effect of random vibration along OX axis 

 
Рис. 15. Распределения перемещений в модели БА  
при воздействии случайной вибрации по оси ОХ 
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Fig. 16. Distribution of the stress in AB model  
at effect of random vibration along OX axis 

 
Рис. 16. Распределение напряжений в модели БА  
при воздействии случайной вибрации по оси ОХ 

 

 
 

Fig. 17. Distribution of accelerations in AB model  
at effect of random vibration along ОY axis 

 
Рис. 17. Распределение ускорений в модели БА  
при воздействии случайной вибрации по оси ОY 

 

 
 

Fig. 18. Distribution of displacements in AB model  
at effect of random vibration along ОY axis 

 
Рис. 18. Распределение перемещений в модели БА  
при воздействии случайной вибрации по оси ОY 
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Fig. 19. Distribution of the stress in AB model  
at effect of random vibration along ОY axis 

 
Рис. 19. Распределение напряжений в модели БА  
при воздействии случайной вибрации по оси ОY 

 

 
 

Fig. 20. Distribution of accelerations in AB model  
at effect of random vibration along ОZ axis 

 
Рис. 20. Распределение ускорений в модели БА  
при воздействии случайной вибрации по оси ОZ 

 

 
 

Fig. 21. Distribution of displacements in AB model  
at effect of random vibration along ОZ axis 

 
Рис. 21. Распределение перемещений в модели БА  
при воздействии случайной вибрации по оси ОZ 
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Fig. 22. Distribution of stress in AB model  
at effect of random vibration along ОZ axis 

 
Рис. 22. Распределение напряжений в модели БА  
при воздействии случайной вибрации по оси ОZ 

 
To predict the fatigue strength of the AB at given lev-

els of effect of broadband random vibration, the predicted 
service life of the device can be determined from the for-
mula 

 

В

0 Д

,
(σ / σ )m

Т
Т

F
  (2) 

where ТВ is the number of loading cycles; F0 is the lower 
resonance frequency of the structure, Hz; σ is the maxi-
mum stress at the effect of broadband random vibration, 
MPa; σД is the fatigue strength endurance of the material, 
MPa; m is the index of the slope of the fatigue curve of 
the material. 

For the bases of the TCC, the following parameters 
[16] were applied in the calculation: ТВ = 1107 s; 
F0 = 286.6 Hz; m = 9.55. Steel MA2-1 has the following 
characteristics: σ = 32.915 MPa; σД = 100 MPa. 

Substituting the values of the parameters in formula 
(2), we get the predicted service life of the device 
Т = 1.4109 s. 

Modelling of the shock action. Modelling of the 
shock action on the AB, given in the form of an ampli-
tude-frequency spectrum according to tab. 4, is carried out 
separately along each of the three mutually perpendicular 
axes: OX, OY, OZ (fig. 23–31). 

Border conditions: 
– all elements of the model have a global contact with 

one another; 
– damping in the model is 2 % of the critical; 
– type of material model – linear, elastic, isotropic; 
– the device is rigidly fixed over the entire surface of 

the base; 
– the impact in the form of a frequency spectrum is 

applied to the base of the AB consecutively in each of the 
three mutually perpendicular directions. 

The maximum stress at the effect on the OZ axis oc-
curs at the base of the TCC. 

The most loaded element of the AB model is the base 
of the TCC at shock action along the OZ axis. The load 
factor of the side plate is 1.25  .  

Conclusion. The results of the analysis showed the 
following: 

– the calculated minimum eigenfrequency of the AB 
model is f01 = 286.6 Hz, which meets the requirements of 
the technical specifications; 

– the minimum load factor at quasi-static action and 
sinusoidal vibration is 8.64 in the direction of the OZ axis; 

– the minimum load factor at random vibration is 1.39 
in the direction of the OZ axis; 

– the maximum accelerations at random vibration 
along the OX, OY, OZ axes at the level of 3σ are 32.94g, 
216.27g and 168.14g respectively; 

– the minimum load factor at shock action along the 
OZ axis is 1.25; 

– the maximum displacements at shock action along 
the OX, OY, OZ axes are 0.213, 0.56 and 0.76 mm respec-
tively; 

– the maximum accelerations at shock action along the 
OX, OY, OZ axes are 158.51g, 247.53g and 297.55g  
respectively. 

The most critical types of loading are impact in the  
direction of the OZ axis and the impact of random  
vibration in the direction of the OZ axis. At the same 
time, the load factor in the base of the TCC is 1.25 and 
1.39 respectively. 

Based on the results of the analysis, locations for the 
installation of vibration-survey converters have been deter-
mined to measure the changes in the amplitude-frequency 
characteristics of the AB before and after the dynamic 
effects. When carrying out mechanical tests, the vibra-
tion-survey converters are installed on the side cover of 
the TCC, on the side of the base of the TCC located in the 
middle of the device (fig. 32), and on the upper part of the 
base of the TCC between the connectors at points 1, 2 and 3. 

Thus, the analysis has shown that the design of the AB 
model meets the requirements of the technical specifica-
tions for resistance to external mechanical effects. 
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Table 4 
Values of maximum stress, displacements and accelerations along OX, OY, OZ axes at shock action 

 

Direction of impact  
The maximum stress, 

MPa  
Safety factor, η  

The maximum  
displacement, mm  

The maximum  
acceleration, g  

Along OX axis  29.222 4.7 0.213 158.512 

Along OY axis  79.083 1.74 0.555 247.531 

Along OZ axis  109.84 1.25 0.758 297.549 

 
 

 
 

Fig. 23. Distribution of stress in AB model  
at shock action along OX axis  

 
Рис. 23. Распределение напряжений в модели БА 

при ударном воздействии по оси OX 
 

 
 

Fig. 24. Distribution of stress in AB model  
at shock action along OY axis  

 
Рис. 24. Распределение напряжений в модели БА  

при ударном воздействии по оси OY 
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Fig. 25. Distribution of stress in AB model  
at shock action along OZ axis  

 
Рис. 25. Распределение напряжений в модели БА  

при ударном воздействии по оси OZ 
 

 
 

Fig. 26. Distribution of displacements in AB model  
at shock action along OX axis  

 
Рис. 26. Распределение перемещений в модели БА  

при ударном воздействии по оси OX 
 

 
 

Fig. 27. Distribution of displacements in AB model  
at shock action along OY axis  

 
Рис. 27. Распределение перемещений в модели БА  

при ударном воздействии по оси OY 
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Fig. 28. Distribution of displacements in AB model  
at shock action along OZ axis  

 
Рис. 28. Распределение перемещений в модели БА  

при ударном воздействии по оси OZ 
 

 
 

Fig. 29. Distribution of accelerations in AB model  
at shock action along OX axis  

 
Рис. 29. Распределение ускорений в модели БА 

при ударном воздействии по оси OX 
 

 
 

Fig. 30. Distribution of accelerations in AB model  
at shock action along OY axis  

 
Рис. 30. Распределение ускорений в модели БА  

при ударном воздействии по оси OY 
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Fig. 31. Distribution of accelerations in AB model  
at shock action along OZ axis  

 
Рис. 31. Распределение ускорений в модели БА  

при ударном воздействии по оси OZ 
 

 
 

Fig. 32. Installation location  
of vibration-survey converters on AB 

 
Рис. 32. Места установки  

виброизмерительных преобразователей на БА 
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When designing the spacecraft, it is necessary to take into account the deleterious action of various factors in outer 

space. The main factor limiting active life of spacecraft is ionization radiation and it is the cause of most failures.  
Its influence is accompanied by ionization losses of the energy of charged particles in active and passive areas of semi-
conductors and integrated circuits; that leads to emergence of radiation effects and it is characterized by the value  
of absorbed dose. At present there are several approaches to forecast the value of total ionization dose (TID): Monte-
Carlo methods, methods that take into account only standard shield geometry (sphere, plane) and ray trace analysis  
(or sector-based analysis).  

The paper presents a modification of ray trace analysis that uses a geodesic sphere for sector construction and pro-
vides regularly distribution of tracing rays in space unlike classical approach with using a parametrical representation 
of a sphere. Our approach enables to take into consideration real density of materials and allows using fewer sectors  
to meet the requirements of the method 154.PM–129 and keeping calculation accuracy. This is especially important  
for carrying out element-by-element radiation analysis taking into account heterogeneous protection through shielding 
of calculated point by elements of spacecraft design. 

This method is implemented as an extension for SolidWorks CAD. The input data for calculation are the following: 
3d-model of equipment component as a part of spacecraft and radiation attenuation tables. The accuracy and the speed 
of the analysis depends on the number of tracing rays, and it is possible to carry out the calculation for several types  
of ionizing radiation at the same time.  

As an example of using the proposed method and a software module, we carried out radiation analysis of the block 
of the on-board digital computer for the spacecraft “Sfera”; its active life duration is 10 years on a high-elliptic orbit 
and 15 years on a geostationary orbit. As a result, we revealed that for the elements of the block minimum and maxi-
mum total ionization doses differed substantially. It means that taking into account shielding properties of structural 
elements of device and blocks makes significant contribution to TID calculation. 

 
Keywords: total ionization dose, ray trace analysis, ionization radiation, SolidWorks, geodesic sphere. 
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ОПРЕДЕЛЕНИЕ НАКОПЛЕННОЙ ДОЗЫ МЕТОДОМ СЕКТОРИРОВАНИЯ  

НА ОСНОВЕ ГЕОДЕЗИЧЕСКОЙ СФЕРЫ 
 

Г. Н. Шерстенникова*, А. С. Шаура 
 

АО «Ижевский радиозавод» 
Российская Федерация, 426034, г. Ижевск, ул. Базисная, 19 
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При проектировании космических аппаратов (КА) необходимо учитывать повреждающее действие  
от различных факторов космического пространства. Основным фактором, ограничивающим срок активного 
существования космических аппаратов, является ионизирующее излучение – причина большинства отказов  
и сбоев. Его воздействие сопровождается ионизационными потерями энергии заряженных частиц в активных 
и пассивных областях полупроводников и интегральных схем, что приводит к проявлению радиационных  
эффектов, и характеризуется величиной поглощенной дозы. В настоящее время существует несколько подхо-
дов к прогнозированию величины накопленной дозы: методы Монте-Карло, методы, учитывающие только 
стандартную геометрию защиты (сфера, плоскость), и лучевой анализ (или секторирование).  

Представлена модификация лучевого анализа с построением секторов на основе геодезической сферы,  
которая в отличие от классического подхода с использованием параметрического представления позволяет 
получить трассирующие лучи, равномерно распределенные в пространстве. Такой подход дает возможность 
учитывать реальные плотности материалов, обходиться меньшим количеством секторов для выполнения 
требований методики 154.ПМ – 129 и сохранения точности расчета, что особенно актуально при проведении 
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поэлементного радиационного анализа с учетом неоднородной защиты, так как происходит экранирование 
рассчитываемой точки элементами конструкций КА.  

Данный метод реализован в виде расширения для САПР SolidWorks. В качестве исходных данных для  
расчета выступает 3D-модель блока в составе КА и заданные в техническом задании таблицы ослабления. 
Точность и скорость выполнения анализа зависит от количества трассирующих лучей, при этом возможно 
проведение расчета одновременно для нескольких видов ионизирующего излучения.  

В качестве примера использования предложенного метода и программного модуля проведен радиационный 
анализ блока БЦВК для КА «Сфера» со сроком активного существования 10 лет на высокоэллиптической  
орбите и 15 лет – на геостационарной. В результате расчета было получено, что для элементов внутри блока 
минимальная и максимальная накопленные дозы отличаются примерно на порядок, что говорит о том,  
насколько заметный вклад в расчет может внести учет защитных свойств элементов конструкций аппарата 
и блоков. 

 
Ключевые слова: накопленная доза, метод секторирования, ионизирующее излучение, SolidWorks, геодезиче-

ская сфера.  
 
Introduction. During the performance of their mis-

sions, spacecraft are exposed to various destabilizing fac-
tors affecting the availability of radio electronic equip-
ment and its element base. Among the many known fac-
tors (space vacuum, micrometeorites, null gravity, infra-
red emission, etc.), the primary item limiting the active 
life of devices and the application of specific electronic 
components in on-board equipment is the ionizing radia-
tion of outer space [1]. According to GSFC Space Science 
Mission Operations Team, 59 % of all space missions 
were affected by perturbations of “space weather”. 
Changes in space weather are mainly related to solar  
activity, which causes fluctuations in the radiation back-
ground of the Van Allen belts, resulting in temporary 
anomalies in the operation of satellites, important elec-
tronic components are destroyed, solar cells are being 
degraded, etc. In January 1994, two Canadian communi-
cation satellites (Telesat’s Anik E1, E2) were disabled in 
a geostationary orbit, similar anomalies occurred in Janu-
ary 1997 with Teslar 401 satellite, and in May 1998 with 
Equator-S, Polar and Galaxy-IV [2]. According to ESWW 
conference materials published in 2012–2015 [3], in the 
periods from 2001–2015, there were more than 10 failures 
of “Thaicom 5”, “Galaxy 15”, “AMC 14”, “Arabsat 4A”, 
“Artemis-Ariane 5”, “Inmarsat”, and according to the  
materials of “Central Research Institute of Mechanical 
Engineering” only in 2015 there were 30 failures. In this 
regard, the assessment of radiation resistance of products 
designed for space is a necessary development stage. 

The main sources of ionizing radiation are cosmic 
rays, divided into solar, galactic (representing charged 
high-energy particles, born and accelerated beyond the 
limits of the solar system) and the natural radiation belts 
of the Earth [4]. Radiation is a stream of primary charged 
particles – electrons, protons and heavy charged particles, 
as well as secondary particles – products of nuclear trans-
formations of primary charged particles. 

The effect of ionizing radiation on radio electronic 
equipment is accompanied by ionization losses of particle 
energy in active and passive regions of semiconductors 
and integrated circuits; that leads to the manifestation  
of radiation effects [5]: 

 dose effects in gradual degradation of electronic 
component parameters as a result of accumulation of ab-
sorbed dose; 

 displacement effects caused by structural damage 
due to knockout atoms from the lattice point with subse-
quent degradation of the basic electrophysical characteris-
tics of silicon; 

 single effects, caused by the passage of a separate 
charged particle through the sensitive volume of a semi-
conductor. 

Single radiation effects have a probabilistic nature; 
dose effects and displacement effects are cumulative, 
therefore, when creating modern spacecraft designed for 
the lifetime of 10–15 years with complex configuration, it 
is required to know the spatial distribution of the absorbed 
dose in the elements of spacecraft construction, taking 
into account their mutual screening. 

At the present time there are several approaches to 
forecast the value of total ionization dose (TID): the 
Monte Carlo methods, which are based on modeling the 
trajectories of individual particles [6]; methods that take 
into account only standard shield geometry; and methods 
that use sectoring or the construction of tracing beams. 
The Monte Carlo methods allow to provide arbitrary pro-
tection and they directly model the material-radiation in-
teraction, but they are the most difficult to implement and 
resource-intensive to use, although, as a rule, they use 
known libraries GEANT4 [7] and MCNPX [8]. Modeling 
only the simplest shield geometry (sphere, plane) imple-
mented in the majority of known programs – CREME96 
[9], COSRAD [10], SHIELDOSE [11], OMERE [12], 
does not allow to carry out element-by-element analysis 
and complex screening [13]. Therefore, in practice, it is 
the most reasonable to use the sectoring method (ray trace 
analysis), since it allows us to take into account the het-
erogeneity of protective properties of blocks, equipment 
and constructional elements of spacecraft in various direc-
tions, and it is much easier to implement then Monte  
Carlo methods. 

Ray trace analysis. When performing element analysis 
to determine the value of the accumulated dose in accor-
dance with branch standard 134–1034 [14], the ray trace 
analysis is used. Its algorithm is stated in 154. PM-129 [15] 
and consists of the following steps. 

Step 1. On the element of block being considered, we 
select the point M where we need to determine the dose. 
The space around it is divided into a number of sectors 
with solid ωij angles (fig. 1), and in the direction of each ij 
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sector we construct a tracing lij ray with the start at the 
design point M. 

Step 2. For each lij ray we define the lijk intersections 
with the elements of spacecraft construction, other blocks 
and components. 

Step 3. Taking into account the density ρk of inter-
sected bodies, we determine the effective protection Xij  
in each ij direction: 

 
1

.
K

ij ijk k
k

X l


   (1) 

Step 4. After that, using the tables of attenuation, we 
determine the contribution D(Xij)·ωij of each sector to the 
final accumulated dose and carry out summation over all 
ij directions: 

 
1 1

1
( ) .

2

m n

ij ij
i j

D D X
 

 
  (2) 

The key stages of the algorithm are the construction  
of tracing rays and the determination of their intersections 
with the elements of spacecraft construction. 

Tracing ray construction. As a rule, to construct sec-
tors and rays, the parametric representation of a sphere  
is most often used with the help of azimuth and zenith 
angles (UV – parametrization of the sphere, fig. 1). With 
this partition, the cells are different in shape and area, and 
the sectors are not only significantly different in magni-
tude, but their distribution in space is highly unequal: on 
the poles of the sphere there are more sectors and they are 
smaller than in the equatorial region (fig. 2, a). 

 

 
 

Fig. 1. The scheme of constructing sectors  
for UV-parameterization of a sphere [15] 

 
Рис. 1. Схема построения секторов  
при UV-параметризации сферы [15] 
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Fig. 2. Two-parametrical representation of a sphere: a – cells are different in form and area; b – unequal distribution of tracing rays 

 
Рис. 2. Двухпараметрическое представление сферы: а – различные по форме и площади ячейки;  

б – неравномерное распределение трассирующих лучей 
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Increasing the number of sectors rises the ratio of 
maximum and minimum area of cells, and for 500–600 
sectors the ratio is ten times. As a result, there is unequal 
distribution of rays, condensation on the poles and rare-
fied in the region of the equator (fig. 2, b). In some cases, 
this inequality in the distribution of tracing rays in space 
leads to the dependence of the accumulated dose on the 
orientation of the divided sphere relative to spacecraft due 
to the presence of various kinds of holes, connectors, 
stiffeners, etc. in the models. In this regard, the require-
ment of the methodology 154.PM-129 [15] of ensuring 
equal protection within the sector is often ignored, so we 
refused this partition and turned to constructing sectors 
based on the geodesic sphere. 

Geodesic sphere is a result of sphere triangulation us-
ing the method of recursive decomposition of icosahed-
rons (fig. 3). Its specific feature is that faces differ mini-
mally from regular triangles and they are almost equal in 
area at the same time [16]. 

The number of faces and vertices of a geosphere de-
pends on the triangulation order: the higher the degree of 

triangulation, the greater the number of faces and vertices 
of the geosphere. With the increase of triangulation order, 
the grid becomes smoother, and its faces approach the 
surface of the sphere (fig. 4, a). The tracing rays con-
structed on such a grid are uniformly distributed in space 
(fig. 4, b), and solid angles formed by the sectors are  
almost similar in size. 

This approach allows us to use a smaller number of 
sectors to meet the requirements of the methodology 154. 
PM-129 [15] and maintain the accuracy of the calculation. 

Definition of intersections. The next important step 
of the algorithm is to determine the intersections of rays 
with constructional elements. This is the most time-
consuming operation in terms of time and computing 
costs, so it does not make any sense to look for intersec-
tions of each ray with each body for complex 3D-models. 
However, using the algorithms of computational geome-
try it is possible to quickly determine whether the ray 
intersects elementary geometric bodies, such as a sphere 
and a rectangular parallelepiped [17]. 

 
 

 
 

Fig. 3. The principle of geosphere construction by recurrent splitting of regular icosahedrons 
 

Рис. 3. Принцип построения геосферы путем рекуррентного разбиения икосаэдра 
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Fig. 4. Geosphere application for approximation of spherical surface:  
a – geodesic sphere (642 vertices and 1280 faces); b – the corresponding distribution of tracing rays 

 
Рис. 4. Применение геосферы для аппроксимации сферической поверхности:  

а – геодезическая сфера (642 вершины и 1280 граней); б – соответствующее распределение трассирующих лучей 
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A rectangular parallelepiped with faces parallel to the 
coordinate planes can be circumscribed around any con-
sidered body of spacecraft models. Such a parallelepiped 
is uniquely determined by any two its vertices (x–, y–, z–) 
and (x+, y+, z+) adjacent to one of its diagonals. The ray 
with the start at the point (x0, y0, z0) and the directing vec-
tor (l, m, n) is described by a parametric system of equa-
tions: 

 
0

0

0

,

,

.

x x lt

y y mt

z z nt

 
  
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 (3) 

Let’s consider the relative position of the ray and each 
pair of planes parallel to the coordinate and containing 
opposite faces of the parallelepiped (fig. 5, a). 

For the pair of planes x = x– and x = x+ parallel to the 
plane YZ, the ray given by the system (3), for l = 0, is 
parallel to them and does not intersect the chosen paral-
lelepiped for x0 < x– or x0 > x+. Otherwise, we calculate 
the relations: 

0
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x x
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l
   and 0
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x x

t
l

   

Suppose t1x <  t2x, subsequently tnear = t1x, and tfar = t2x 
(fig. 5, b). Assuming that m ≠ 0, and considering the sec-
ond pair of y = y– and y = y+ planes containing the faces 
of the parallelepiped, we find the values t1y and t2y: 
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If t1y > tnear, then tnear = t1y, and if t2y < tfar, then 
tfar = t2y. For tnear > tfar or tfar < 0, the ray does not pass 
through the parallelepiped. Assuming that n ≠ 0, we con-
sider the last pair of planes z = z–  and z = z+ and find  
t1z and t2z: 

0
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z z
t
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   and 0
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z z

t
n

   

If as a result of similar comparisons we get 0 < tnear < tfar 
or 0 < tfar, in this case the ray intersects the selected paral-
lelepiped, and further it makes sense to look for possible 
intersections of the ray with curvilinear surfaces of the 
body inscribed in this parallelepiped to determine the  
entry and exit points of the ray, segments of its path inside 
the body. 

To determine intersections with curved surfaces, we can 
use the built-in functions IModelDoc2::RayIntersections 
and IModelDoc2::GetRayIntersectionsPoints from Solid-
Works.Interop.sldworks in API SolidWorks [18]. 

Having found all the intersections, we need to calcu-
late the effective protection in each direction. Fig. 6 
shows an example of tracing rays passing through the 
elements and the parts of a real block construction. On the 
selected fragment the beam passes through 4 bodies:  
a microcircuit, two layers of a board and a block cover. 

Knowing the lijk segments traversed by the ray in the 
intersected bodies of the model, and the apparent densities 
ρk of these bodies (fig. 6, b), we determine the effective 
protection Xij in the ij direction by the formula (1). Next, 
we determine the total accumulated dose of ionizing  
radiation (2). 

Software implementation. From the point of view  
of a design engineer, it is most convenient to calculate 
accumulated doses of ionizing radiation directly in CAD 
used for the design, an engineer makes changes in the 
design and arrangement of individual blocks, calculates 
and introduces protective screens. We used SolidWorks, 
therefore we created a calculation module for it that al-
lowed us to use the available CAD capabilities and at the 
same time solve new tasks effectively. As input data for 
for the calculation we used 3D-model of the spacecraft 
block and the tables of attenuation given in the technical 
enquiry. 

 

(–)

(+)

 
a 

 
b 

 
Fig. 5. General concept of definition of the intersection points of a ray and a rectangular parallelepi-
ped [17]: a – defining a rectangular parallelepiped by means of two vertices adjacent to one diagonal; 
b – relative position of a ray and each pair of the parallel planes containing opposite faces of paral- 
 

lelepiped 
 
Рис. 5. Общий принцип определения точек пересечений луча и прямоугольного параллелепи-
педа [17]: а – задание параллелепипеда с помощью двух вершин, прилежащих к одной диаго-
нали; б – взаимное расположение луча и каждой пары параллельных плоскостей, несущих  
 

противоположные грани параллелепипеда 
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Fig. 6. Example of tracing rays passing through constructional elements of the block: a – cut-away view of the block and 
rays; b – line segments lijk passed by the ray in constructional elements and apparent densities of materials ρk corresponding  
 

to them 

 
Рис. 6. Пример прохождения трассирующих лучей через элементы конструкции блока: a – общий вид блока  
и лучей в разрезе; б – отрезки lijk, проходимые лучом в элементах конструкций, и соответствующие им объемные  
 

плотности материалов ρk 
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Fig. 7. Visual representation of calculation results: a – directions making the greatest contribution to a total ionization 

dose; b – general representation of space distribution of effective protection 
 

Рис. 7. Визуальное представление результатов расчета: a – направления, вносящие наибольший вклад в накоп-
ленную дозу; б – общее представление о пространственном распределении эффективной защиты 

 
 
The calculation can be performed simultaneously for 

several types of ionizing radiation (protons, electrons, 
total impact), while the number of tracing rays can be 
chosen in advance, thus determining the accuracy and the 
speed of the analysis. 

The results can be presented visually in order to sim-
plify the task of identifying the weakest points in the de-
sign of protection. Fig. 7, a shows the course of the rays, 
colored in accordance with their contribution to the total 
dose, by applying the filter to select the most dangerous 
directions. The projection of effective protection of each 
sector on the spherical shell circumscribed around the 
analyzed block is presented in fig. 7, b. 

Analysis of results. As an example of the use of the 
proposed method and software module, we carried out a 
radiation analysis of the on-board digital computer sys-

temblock for “Sfera” spacecraft with active life duration 
10 years in a highly elliptical orbit and 15 years in geosta-
tionary orbit. We analyzed more than 400 sensing ele-
ments, while the 3D-model of the block of the spacecraft 
included more than 2500 bodies. 

Increasing the fineness of splitting and the number of 
rays straining after greater accuracy significantly influ-
ences the time of the analysis, so in this case it is always 
necessary to look for the compromised solution between 
the desired accuracy and admissible duration of calcula-
tion. The graphs (fig. 8) show that the computation time 
increases exponentially with increase of the number of 
rays. At the same time, the accuracy of the calculation 
increases as well, but, for example, at 10 000 rays the 
decrease of the maximum deviation of accumulated doses 
from 7 to 3 % requires 4 times more time. 



 
 
 

Сибирский журнал науки и технологий.  Том 19,  № 1 
 

 104

 

 
a 

 
b 

 
Fig. 8. Duration and accuracy of calculation depending on the number of rays: a – calculation time for a one point;  

b – average (AVG) and maximum (MAX) value of accumulated dose deviations 
 

Рис. 8. Продолжительность и точность расчета в зависимости от количества лучей: а – время расчета одной точки;  
б – средняя (AVG) и максимальная (MAX) величина отклонений накопленных доз 

 
For the elements of the block, the minimum accumulated 

dose was 5.3 krad, and the maximum one was 50.2 krad; 
that means that within one product the values of the 
minimum accumulated dose for specific electronic com-
ponents may differ significantly, and that taking into ac-
count protective properties of the constructional elements 
of the apparatus and blocks can make a significant contri-
bution to the calculation. This means that element-by-
element radiation analysis has significant advantages over 
the evaluation of the stability of blocks as single and indi-
visible components of spacecraft. 

Conclusion. The approach presented in the work and 
its software implementation allow performing element-
by-element radiation analysis in the development of  
on-board equipment spacecraft taking into account real 
geometry of constructions and material density. 

Determining the value of accumulated dose at various 
points of the developed block at the designing stage 
makes it possible to place less resistant elements into 
more protected areas, it is especially important for import 
substitution. 

Further project development includes designing the 
host of functions offering locations and the level of re-
quired protection, as well as the addition of the possibility 
to take into account the emission of point sources (e. g. 
spacecraft engines). 
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The results of experimental studies combined with modeling and prediction methods for the properties of hard metal 

composites show that modification with additives of ceramic nanoparticles and composite powders (WC-Co) allows to 
control microstructure parameters and provides the increase in binding durability and the level of physicomechanical 
properties of a hard alloy in general. Simultaneous complex application of submicrocrystalline WC carbides coated 
with Co layer and alloying additives of Al2O3 nanoparticles – grain growth inhibitors of the main phase, can be consid-
ered as the most perspective direction of nanostructured hard metal with increased hardness, strength and crack resis-
tance production. The coating of carbide particles with a binder layer is an effective starting method that allows to ob-
tain a volumetric billet with maintaining the unique properties of the initial nanopowders and ensures a uniform distri-
bution of the phases (WC, Co, Al2O3). Such a multiphase fragmented nanostructured composite is characterized by  
additional heterogeneity, determined by differences in size and elastic phases properties. By combining the sizes and 
properties of the phase components in such a heterogeneous composite, it is possible to provide an increase in the frac-
ture energy, i. e., Palmkvist crack resistance up to 16–18 MPa m1/2 (due to inhibition on nanoparticles inclusions, stress 
reliefs and changes in intercrystalline crack trajectory, its length decrease). Based on the proposed stereological mod-
els and the experimentally established relationships between composition and microstructure parameters, the required 
volume concentrations of nanoparticles additives and composite powders (WC–Co) were determined. 

 
Keywords: hard metal composites, nanopowders of ceramic, inhibitors, composite carbides, modeling and micro-

structure parameters, fracture resistance. 
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Результаты экспериментальных исследований в сочетании с методами моделирования и прогнозирования 
свойств твердосплавных композитов показывают, что модифицирование с помощью добавок керамических 
наночастиц и композиционных порошков (WC–Co) позволяет управлять параметрами микроструктуры  
и обеспечивает повышение прочности связующего и уровня физико-механических свойств твердого сплава  
в целом. Одновременное комплексное применение субмикрокристаллических карбидов WC, покрытых слоем 
связки Co, и легирующих добавок наночастиц Аl2O3 – ингибиторов роста зерна основной фазы, можно рас-
сматривать как наиболее перспективное направление производства наноструктурированных твердых сплавов 
с повышенной твердостью, прочностью и трещиностойкостью. Покрытие карбидных частиц слоем связки 
является эффективным стартовым методом, позволяющим получать объемные заготовки с сохранением уни-
кальных свойств исходных нанопорошков, и обеспечивает равномерное распределение фаз (WC, Co, Аl2O3). Такой 
многофазный фрагментарно наноструктурированный композит характеризуется дополнительной гетероген-
ностью, определяемой различиями размеров и упругих свойств фаз. Комбинируя размеры и свойства фазовых 
составляющих в таком гетерогенном композите, можно обеспечить увеличение энергии разрушения, т. е. 
трещиностойкости, по Палмквисту до 16–18 МПа м1/2 (за счет торможения на включениях наночастиц,  
релаксации напряжений и изменения траектории интеркристаллитной трещины, уменьшения ее длины).  
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На основе предложенных стереологических моделей и экспериментальнo установленных взаимосвязей между 
составом и параметрами микроструктуры были определены требуемые объемные концентрации добавок  
наночастиц и композитных порошков (WC–Co). 
 

Ключевые слова: твердосплавные композиты, нанопорошки керамики, ингибиторы, композитные карбиды, 
моделирование и параметры микроструктуры, трещиностойкость. 

 
Introduction. The analysis of accumulated informa-

tion on scientific research in the field of new structures 
and hard-alloy composites manufacturing techniques de-
velopment, production practice and application of various 
functional purpose products shows that special attention is 
paid to the use of powder materials components in a com-
posite structure in the nanocrystalline state. 

The conventional global trend in the hard-alloy com-
posites structure and properties improving is formation  
in them a superfine-grained structure with carbide phase 
sizes less than 300–400 nanometers. The problems of 
hard alloys quality improvement can be efficiently solved 
due to their nanostructuring by tungsten carbide nanodi-
mensional powders use. It is well known that when using 
traditional methods of consolidation for obtaining high 
density of a sintered composite, high temperature and 
sintering holding time are necessary and lead to the initial 
sizes increase and to carbide grains growth [1–4]. Simul-
taneous use of nano and submicrocrystalline carbides and 
alloying additives of grain growth inhibitors of the main 
phase nanoparticles can be considered as the most per-
spective direction of nanostructured hard alloys with the 
increased hardness, durability and crack resistance pro-
duction, which has to increase product endurance under 
conditions of heavy shock, thermomechanical loading [5] 
The main inhibitors are chrome carbides, vanadium, nio-
bium, tantalum, titanium. Doping is carried out by various 
methods, for example, such as chemical, mechanical 
(high-energy spherical grind), etc. [3]. Forming the com-
plex carbides with the main carbide phase or being dis-
solved in cobalt, alloying elements influence not only on a 
microstructure, but also on mechanical and operational 
characteristics of an alloy [6–8].  

A preliminary coating layer binding on carbides, i. e. 
producing composition powders in various ways, such as 
dusting, mechanical coating, coprecipitation, consecutive 
chemical reactions, two-stage processing, etc. can be an 
efficient processing method as well. The coating of car-
bide particles with a binding layer is the starting method 
which allows to get volumetric billet maintaining the 
unique properties of initial nanopowders [9–11]. Matrix 
solid phase and covering-binding material are initially 
homogeneously distributed on the volume of a composite 
particle, so the properties uniformity of initial powders 
structure fragments is relayed on all composite volume. 
Nanodimensional cobalt film presence on carbides pow-
ders provides sintering temperature decrease and in com-
bination with high speeds of heating and the existence of 
inhibiting nanoparticles additives in the structure prevents 
carbide grains growth [3; 12–15].  

Additional modifying by additives of nanoparticles 
provides the increase in binding durability and the level of 
physicomechanical properties of a composite in general. 
Such polyphase fragmentary nanostructured composite  
is characterized by additional heterogeneity determined 

by distinctions of the sizes and resilient properties of 
phases [2]. The range of such nanostructured hard metals 
possible use will only extend as such modifying changes 
the surface, chemical and reactionary processes at  
homogenization and as a result, structural parameters and 
properties of a composite in general. 

Materials and methods. The morphology and  
microstructure of powders and sintered materials were 
investigated with the scanning submicroscopy (SEM)  
of JEOL JSM-7001F use. A particle size distribution  
of initial and mixed powders were defined by the method 
of laser diffraction SALD-7101 Shimadzu of the scanning 
supermicroscope. Samples microstructure was investi-
gated on polished surfaces by means of scanning electron 
microscopes Hitachi “TM1000” and JEOL JSM-7500FA. 
The structure and the nature of fracture surfaces were 
analyzed with the JAMP 9500F microscope use. The  
X-ray diffraction analysis was carried out on the D8  
ADVANCE device. Mechanical propeties determination 
was performed: Vickers hardness of HV30 with a hard-
ness gage (ABK-A, Akashi) use at 30 kgfs loading; crack 
resistance K1C dimpling by the Palmkvista method;  
durability by the three-point bending method on the Shi-
madzu AG-IS 100 kN; studying of wear-resistance accord-
ing to the ASTM B611-85 standard. 

The nanopowders received by the shock-wave synthe-
sis method or the method of electroexplosion were used 
as additives for hard alloys modifying. The powders  
morphology is shown on fig. 1, average particle size  
in the range from 0.067–of 0.1 microns for Al2O3 (a, b); 
0.008 microns for ZrO2 (Y2O3). Composition powders 
(WC–Co) obtained by complex application of chemical 
and microwave synthesis methods [10] with 0.2–0.4 mi-
crons size (fig. 1, c). 

Results and discussion. Hard-alloy composites  
investigated in the work are composite materials, hetero-
geneous in structure, at least, with one phase showing 
nanomaterial properties. When developing structures, 
manufacturing techniques and numerical assessment 
methods of new three-phase hard-alloy composites gen-
eration composites formed by a combination of carbides 
grains (including plated by a binding metal layer), actu-
ally binding with the distributed on its volume modifying 
nanoadditives of oxides, nitrides proceeded from the fol-
lowing assumptions and prerequisites: 

– when sintering the prevention of carbide grain 
growth at the expense of nanoparticles inhibitors additives 
is provided; 

– the distribution of the main phases (a carbide basis, 
binding, and the nanoparticles distributed on binding vol-
ume nanoparticles) is homogeneous, uniform in structure; 

– submicronic carbide grains are located at a well pre-
dictable distance therefore the package density of a three-
phase composite can be regulated (simulated) proceeding 
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from a ratio of micron carbide volume fractions (Vm) and 
nanodispersible (Vf) fraction and their average sizes (dm, df); 

– when modelihg it is necessary to consider differences 
in a kinetics of mass transfer and reactivity of phase com-
ponents in a sintering process. 

In works [13–15] it was shown that the effectiveness 
of hard alloys modifying by Al2O3f nanoparticles essen-
tially depends on sizes, concentration and volume frac-
tions of all composite WC–Co–Al2O3(ZrO2) components.  

At the random nature of void filling between carbide 
grains various structural fragments created by oxide-

coated particles which have various degree of contact and 
internal microporosity can be formed. Conditionally 
fragments between carbide grains can be presented in the 
form of three main types of structures – their analytical 
(model) description  compared to the results of the micro-
structure experiment studies and properties results are 
given below.  

1. The single isolated inclusions of nanoparticles. 
At small concentration of nanoparticles additives in the 
local volume of a cobalt layer the fragments presented  
in fig. 2 are formed.  

 

 
a b c 

 
Fig. 1. SEM nanopoweder morphology: a – aluminum oxide; b – circonium oxide;  

c – tungsten carbide composite particles coated with Co-layer (WC–Co) 
 

Рис. 1. SEM-морфология нанопорошков: а – оксид алюминия; б – оксид циркония;  
в – композитные частицы карбида вольфрама, покрытые слоем кобальта (WC–Co) 

 

  
a b 

  
c d 

 
Fig. 2. Geometric model of a hard alloy modified by nanoparticles: а – structure (fracture) fragment between carbide grains   
of a hard-alloy composite including Al2O3 nanoparticles; b – microstructure scheme; c, d – single volumes of cobalt binding 

 
Рис. 2. Геометрическая модель твердого сплава, модифицированного наночастицами: а – фрагмент структуры (излома) 
между карбидными зернами твердосплавного композита с включениями наночастиц Al2O3; б – схема микроструктуры;  

в, г – единичные объемы кобальтового связующего 
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Realization of this kind of fragments a WC–Co-
nanoparticle composites structures is optimum from the 
point of view of the known mechanisms of dispersion 
metals hardening [2; 15]. Injected into a binding layer 
isolated and statistically uniformly distributed nanoparti-
cles promote decrease of its thickness λэфф = f (l1, l2, n2) 
(fig. 2, а–c), which has to provide an increase of binding 
durability and, as result, hard-alloy composites in general 
according to mechanics of phases provisions. The efficient 
thickness of a cobalt layer choice λэфф was made on the 
basis of probability approach on the model more detailed 
described in [13–15] and various optional versions of  
a crack distribution through binding layers by width of  l1, 
l2, l3, which sizes depend on nanoparticles additives con-
tents and sizes. At the same time it was supposed that the 
material in unit volume of a cobalt binding (l1

3) between 
carbide grains modified by nanoparticles, is dispersiblly 
strengthened according to the known Orovana mecha-
nisms, i. e. durability of such fragment of the binding  
material modified by nanoparticlesadditives above, than 
at basic material cobalt:  

 

1550
480B  


, а эфф .    (1) 

The destruction viscosity (crack resistance) of such 
fragmentary nanostructured hard-alloy composite can be 
determined by the formulas offered in works [16; 17] and 
adapted to the hard-facing alloys modified by nanoparti-
cles:  

 

 
1

2

1
1

,m B m
c

R d V E
K

C

          
 

 (2)

 where R – empirical reduction coefficient; dm – the aver-
age size of carbide grain; Vm –volume ratio of carbide 
fraction; Е′ – the given elastic modulus; С1 – contact  
ability of carbide edges. 

The results of calculations for the offered model show 
satisfactory convergence of calculation data with the  
experimental [14]. 

By the experimental methods it was determined that 
ceramics nanoparticles Al2O3f  in the quantity of 0,05–

0,25 % on weight, not only dispersiblly strengthen  
a cobalt layer (Hμ microhardness, measured by the micron-
anohardness testing method, increases up to 22.01 GPa), 
but also provide flexure strength increase (to 25 %) – 
crack resistance according to Palmkvista (up to 50 %) 
(fig. 3), decrease in an abraser wear ~ 1.5 times. Mini-
mum values of a wear are observed approximately in the 
same areas of additives (~ 0.25 % of masses.), which pro-
vide durability increase.Tthe offered model calculations 
results show satisfactory convergence of calculation datas 
with experimental (fig. 3) [18]. 

Additional contribution to material wear resistancel 
increase is brought, apparently, by the increased resilience 
to an attrition of the aiuminium oxide itself (Hμ Al2O3 – 
18–20 GPа). Substantially increase in the common level 
of strength properties is explained by the inhibiting effect 
of nanoparticles additives, the average size of carbide 
grain monotonically decreases with increase in their con-
centration [19]. Material hardness and density values do 
not differ significantly from basic material and are at the 
level: but values of a microhardness of binding layer  
material – cobalt, which was estimated by means  
of nanomicrohardness gage increase as the known effect 
of dispersible hardening at the level of structure fragments 
is implemented (Co – Al2O3), slightly different.  

2. Agglomerates from nanoparticles. Electronic and 
microscopic research shows that actual parameters of  
a hard-alloy composite microstructure differ from the 
geometrical model presented in item 1. It is quite under-
standable on the assumption of physical reasons. At  
increase in nanoparticles concentration in local volumes 
because of poor uniformity of components interfusing, 
their contact ability degree increases and there occurs a 
formation of units with developed internal microporosity. 
During a unequigranular hard-alloy composites sintering 
process, the change of interphase energy happens first  
of all due to nanodisperse phases specific surface area 
decrease that can be followed by their agglomerating to 
larger micron formations and possible subsequent coagu-
lation (fig. 4). 

 

  
 

Fig. 3. Nanoparticles size (d2) vs crack resistance (К1С) of WC–Co – nano Al2O3 composite:  
( – calculation; □ – experiment) and wear rate 

 
Рис. 3. Влияние размера наночастиц (d2) на трещиностойкость (К1С) композита  

WC–Co – нано-Al2O3:( – расчет; □ – эксперимент) и интенсивность износа 
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However the noted structural metamorphoses are,  
to some extent, inevitable at traditional widely applicable 
in hard alloys production mixture-preparation methods.  

When reaching critical concentration of some 
nanoparticles and emergence of pressure between carbide 
grains at a liquid-phase sintering, manifestation of self-
organization effects is revealed – a volume space struc-
tural grid formation. Its basic elements are, apparently, 
contacts between nanoparticles and the nanoparticles in 
total forming the exact regular space cells with sizes of 
100 nanometers in total (fig. 5, b). The agglomerates 
formed by ceramics nanoparticles become nanostructured 
i. e. pass into a totally new state. Emergence of such space 
fragments and transitions from free-dispersible to the 
bound-dispersible (aggregated) systems also a composite 
properties change. It can be explained on the basis of the 
well-known physical principles of ultradispersion medi-
ums sintering theory, including nanostructural hard alloys 
[1–5; 20]. The existence of such fragments is illustrated 
by the results of a microstructure research (fig. 5). Be-
sides, there can be formed crystal grains of α-phase Al2O3 

inclusions (fig. 5, a), micron sizes, formed at the in-
creased compounds density of a nanophase and as a result 
of sufficiently high pressures action in the intercarbide 
space during a sintering process (about 1370 ºС sintering 
point is enough for nano Al2O3 crystallization). 

3. Unequigranular heterogeneous structure. The 
actual microstructure of the hard-alloy composites modi-
fied by nanoparticles is heterogeneous, nonuniform  
on distribution and morphology of the additional oxide-
coated phase created from nanoparticles. Formation  
of various types of structures (item 1, 2) can occurs  
at the same time on different mechanisms depending  
on various nanoparticles concentration in local volumes 
between the main carbide phase grains. During a sintering 
process various competing homogenization processes are 
implemented, their transformations also occur. It is con-
firmed by the results of own microstructure electronic  
and microscopic research and of other authors data [1–4; 
21]. Typical images of fragmentary nanostructured  
materials from polished surfaces of samples are provided  
in fig. 5, 6. 

 

  
 

a b 
 

Fig. 4. Nanoparticles distribution within hard-alloy composite WC–Co–Al2O3 (nano):  
a – concept scheme; b – microstructure fragment  

 
Рис. 4. Распределение наночастиц в структуре твердосплавного композита WC–Co–Al2O3 (нано):  

а – принципиальная схема; б – фрагмент микроструктуры   

 

 

Spectrum O Al W  

а b 
 

Fig. 5. Evolution of agglomerate structures from nanoparticles: а – crystallites; b – quasi-nanostructured fragment 
 

Рис. 5. Эволюция структуры агломератов из наночастиц: а – кристаллиты; б – квазинаноструктурированный фрагмент   
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On the microscopic (micron) level statistically uni-
formly distributed on material volume basis structural 
fragments in total (combination) form a new composite of 
a more complex level. The additional heterogeneity 
caused by distinctions of resilient phases characteristics 
describes such polyphase composite. It is revealed in  
inhomogeneity of a strain-srtess state at a liquid-phase 
sintering when manufacturing (at phase boundaries, in the 
course of contraction, consolidation) and at external  
mechanical impact on the compacted material.  

In particular, it is confirmed by material destruction 
viscosity research data according to the Palmkvista 
method in combination with a microstructure study. 
Cracks which are formed in the material as a result of an 
indentor (a diamond pyramid of Vikkers) introduction, 
draw attention essentially because they are potential carriers 
of indirect information on durability, operational material 
resistance, reflect changes in destruction mechanisms 
corresponding to various types of structure (fig. 2, 4).  

The crack which moves (propagates) mainly on WC 
interface boundaries – WC, WC–Co slows down (fig. 7, 
а, b), relaxes on nanoparticles Al2O3, ZrO2 dispersible 
inclusions, or on their conglomerates (fig. 7, c) distributed 
on cobalt layers volume. 

It is necessary to emphasize in this regard that emer-
gence of discrete cracks approximately corresponds to the 
area of particles additives up to 0.2 % of masses. Similar 
changes in destruction mechanisms of the hard-alloy 
nanostructured composites at cracks propagation are indi-
cated in research results [22; 23].  

Thus, combining phase components sizes and proper-
ties of in such heterogeneous composite, the energy of 
destruction increase (increase in trajectory length of an 
intercrystalline crack) is provided [24]. Despite structure 
inhomogeneity of an actual three-phase composite and 
existence of various types of fragments, the common in-
tegral level of physicomechanical properties in the field of 
optimum additives increases research [14; 18].  

4. Polydisperse material on the basis of composite 
powders. Based on the positive experimental results and 
the discovered features of heterophase hard-alloy compos-
ites structure formation, the geometrical model (fig. 2) 

also explicitly described in works [14], was specified and 
corrected, taking into account the known and new results 
of calculated and experimental studies of bimodal and 
polymodal disperse system package density as well. 

The offered specified stereological model is quadruple 
contacting in threes same size composite matrix particles 
(WC–Со). Carbide phase particles during modeling are 
conditionally accepted to be spherical. The centers of 
these spheres are tops of a tetrahedron which edges are 
formed by radiuses of  Ri (fig. 8).   

On the basis of the conducted experimental studies the 
specified stereological model is offered [25]. During its 
realization the maximal package density and uniformity 
of composite phase components relative distributionis are 
provided. The modifying additives of nanoparticles  
homogeneously distributed in a binding layer promote its 
thickness decrease λэфф = f(l1, l2, n2) (fig. 8, а–c) that  
according to a geometrical model (p. 2.1) has to provide 
an increase of binding durability and as a result, a hard-
alloy composite in general. 

A single volume (Vc) of such structure fragment with  

a particles bimodal distribution by sizes ( md , fd ) can  

be defined proceeding from the ratio: Vc = Nmvm + vp,  where 
Nm – a number of carbide particles; νm – the average vol-
ume of carbide particles. Voidage (vp) between carbide 
particles proceeding from the known stereology provisions 
can be accepted equal to vp = 0.20776 (dm / 2)3. 

As a way of pressing density increase it is offered  
to enter tfa nano phase νf  additional volume equal to the 

volume of voids, i. e pv = Nf νf. This condition is actually 

impracticable as the secondary nanoparticles dense pack-
ing forms own voids of vpf  (fig. 8, b), i. e. Nf  has to  
be reduced to Nf* by the volume of vpf  which is offered  
to equate to the volume ratio of metal binding  vb = vpf =  
= 0.20776 (df /2)3 (the quantity of Nf* particles can be 
calculated by analogy proceeding from the ratios given 
above). With this approach to the solution of a composite 
structure model operation problem its maximal density is 
provided. 

 

 

 
 

Spectrum C O Al Co W 

Spectrum 1 13.40 3.65 1.17 74.6 7.25 

Spectrum 2 – 58.94 37.08 0.71 3.27 

Spectrum 3 – 57.02 31.32 6.16 5.50 

Spectrum 4 46.03 – – – 53.9 

 
Fig 6. Forming of different structure fragments within heterogeneous hard-alloy composite  

 
Рис. 6. Формирование различных фрагментов структуры гетерогенного твердосплавного композита 
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а b 

 
c 
 

Fig. 7. Crack-propagation pattern due to the Vickers Pyramid dint: (a, b) – crack stopping at nanoparticle in-
clusions (binder metal on the surface of polished section has been removed by etching); (c) stress relaxation  
 

in the front of crack propagation (contrasting etching of the section) 
 
Рис. 7. Характер распространения трещин от угла отпечатка пирамидки Виккерса: а, б – торможение 
трещины на включениях наночастиц (металл связки с поверхности полированного шлифа удален 
травлением); в – релаксация напряжений во фронте распространения трещины (контрастное травление  
 

шлифа) 
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Fig. 8. Stereological model of a three-phase composite: 
а – packing scheme; b – geometric model of the system dm(WC–Co) – nano- 
 

agents of ceramic df (Al2O3f, ZrO2f); c – three-phase structure parameters 
 

Рис. 8. Стереологическая модель трехфазного композита: 
а − схема упаковки; б − геометрическая модель системы dm(WC–Co) – 
нанодобавки керамики df (Al2O3f , ZrO2f); в – параметры трехфазной  
 

структуры 
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Composite powders use is expedient, proceeding as 
well from physical reasons as well, because the existence 
of a thin-layer binding activates the processes of consoli-
dation, mass transfer at the lower sintering point. 

The formation condition in a monolayer sintering 
process (binding – nanoparticles) and at the same time 
demands obtaining a hard alloy dense structure from 
composite powders (WC–Co) demands at “sewing together” 
of different models, considered in the work, realizations 
of the following ratios:  

 β0·  3

1

 
Nm

i
m fd d




 

= Nm·νm + Nm·νρ – Nf·νf, (3)  

 νh = 4π((Rm + h)3 – Rm
3)/3Rm

3, (4) 

where β0 – the coefficient defining a form of structure; h – 
layer thickness of a nanoparticles monolayer with  df size; 
νh – layer volume with  h thickness. 

Meanwhile, the numerical values of parameters of  
a composition particle and coat layer thickness from metal 
binding on composite carbides powders can be defined 
from a simple ratio:  

 ,h

cm m

V h

V d


  (5) 

where Vcm – composite particle volume. 
On the basis of a new stereological model (fig. 8) es-

timating calculations of nanoparticles additives necessary 
to generate pressings with the greatest package density 
were made. For particle sizes of a composite carbide 
phase with sizes in the range of dm (WC) from 0.3 to 0.8 
microns and the sizes of ceramic nanoparticles df  from 
0.008 to 0.1 microns used in the experimental part of 
work the necessary concentration of nanoparticles addi-
tives in mixture composition made Vf = 0.30 or about 3 % 
of masses. The results of experimental studies allowed  
to specify calculated formulas by means of semiempirical 
coefficients and to define optimum concentration of nano- 
particles additives in the range from 1 to 3 % of masses.  

The use of composition submicronic powders (WC–Co) 
received by various methods [9–11] can be the way of im-
plementation of this kind of heterogeneous structures with 
the maximal package density and at the same time providing 
high uniformity of the relative composite phase components 
distribution. In the experimental part of work the composi-
tion powders received a traditional chemical deposition  
on the carbon carrier in combination with microwave  
influence [10] (fig. 9) are used. 

X-ray phase analysis results showed that the made 
powder hard-alloy mixtures, alloyed by oxides nanoparti-
cles in the number of 1 %, have the average size of tung-
sten carbide crystal grains about 150 nanometers. Alloying 
additive content Increase from 1 to 3 % finds a tendency 
to decrease of nanoparticles coalescence effects of tung-
sten carbide when processing in the spherical activator 
and US- activation [26].  

In case of composition layer powders (WC–Co) of the 
submicronic sizes as a basis and additional alloying of 
inhibitors nanoparticles additives Al2O3 use, the structure 
created as a result of a simple hard alloy sintering consists 
of almost isolated carbide grains partially blocked at the 
expense of a cobalt ductile coat (fig. 10, a). The intercar-

bide space is filled with a composition powders coat layer 
(Co–WC) and additives of oxides nanoparticles (fig. 10, a). 

Efficiently influence the processes of such hard alloys 
structurization is also possible due to the use of the alter-
nate methods of consolidation, intensive plastic and  
a shear deformation at mixtures formation (for example 
extrusion or rolling), stage-by-stage stepped heating with 
withstanding temperatures corresponding to the consolida-
tion mechanisms change, the so-called operated sintering, 
high-speed and low-temperature compression sintering, 
electrospark plasma sintering, methods of thermome-
chanical cycling (which are widely applied for steels and 
alloys) and thermomechanical ultrasound processing. The 
physical sense of such influence is that in a peculiar mate-
rial “buildup”, structurization processes activation at con-
solidation, decrease in the average size and carbide grains 
contact ability. Finally it will allow to reduce a sintering 
point and to create and keep more fine-grained structure 
of a hard alloy composite WC–Co–Al2O3, WC–Co–ZrO2. 
Studying of alloys consolidation features on the basis of 
submicronic composite powders (WC–Co) with initial 
sizes of carbide grain about 0.8 microns show that inten-
sive contraction occurs already at a temperature 1320–
1350 ºС that is on hard-phase sintering stages. These data 
are well consistent with the results given in works [1; 3]. 
In temperatures intervals from 1370–1420 ºС there is a 
partial grain recrystallization of the phase WC to the sizes 
of 1.5 microns. However at the same time the submi-
cronic carbide phase of initial composite powders in com-
bination with additives of oxides nanoparticles (fig. 10, a) 
remains in a cobalt layer between these carbide grains. 
Finally, positive structural changes provide additional 
increase of a strength properties level. Additional experi-
mental studies conducted in collaboration with National 
Research Tomsk Polytechnic University (TPU) [26] dem-
onstrate that critical threshold concentration cut-off levels 
of nanoparticles additives in the nanostructured hard-alloy 
composites WC–Co-–nаnо Al2O3(ZrO2), received by the 
electrospark plasma sintering method, is 3 % of masses. 
In total the calculated results (on the model) and the  
experimental studies (methods of a scanning electron  
microscopy in combination with the elememt-by-element 
analysis use and standard methods of physical tests)  
allowed to realize microstructure parameters with rela-
tively high distribution uniformity of phase components 
(tungsten carbides grains, a metal binding layer and modi-
fying additives of nanoparticles) on a volume of a hard-
alloy composite (fig. 11). 

Increase in content of alloying additive to 3 % leads  
to slowing down of grain growth processes: the average 
size of coherent scattering area (CSA) for these samples 
was in the range from 151 to 163 nanometer (fig. 12, b). 
The average size of CSA cobalt bindings according to  
X-ray analysis does not exceed 22 nanometers [26]. 

Thus, the received results demonstrate positive influ-
ence of nanoparticles additives on properties of reference 
hard alloys (see the table) that is explained, first of all, by 
their structural parameters change. 

Formation of nanostructural fragments in the volume 
of a metal cobalt layer provides decrease to the submi-
cronic sizes of its thickness between carbide grains, the 
effect known in materials science as the effect of dis-
persible hardening, is implemented. 
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а 
 

 
c 
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All results in atomic % 

Spectrum C O Co W 

Spectrum 1 76.22 3.35 2.09 18.34 

Spectrum 2 61.08 3.93 7.11 27.88 

Spectrum 3 86.56 1.48 1.35 10.61 

Spectrum 4 73.87 3.36 1.61 21.16 

Spectrum 5 73.22 2.61 1.83 22.35 

Spectrum 6 80.20 3.71 3.19 12.91 
 

 
Fig. 9. WC–Co composite powders morphology: 

а – microwave synthesis composite powders; b – results of powders elementary  
 

analysis; c – powders (WC–Co) produced by chemical method 
 

Рис. 9. Морфология композитных порошков WC–Co: 
а – композитные порошки микроволнового синтеза; б – результаты их эле-
ментного анализа; в – порошки (WC–Co), полученные химическим методом 

 

 

 
 

Spectrum C O Co Al W 
Spectrum 1 24.94 10.44 8.44 1.44 54.74 
Spectrum 2 16.89 – 2.56 2.20 78.35 

 
а 

 
b 

 
Fig. 10. Microstructure of hard alloys obtained from composite powders  

WC–Co: a – SEM; b – elementary analysis results    
 

Рис. 10. Микроструктура твердых сплавов полученных из композитных порошков  
WC–Co: а – SEM; б – результаты элементного анализа  
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Fig. 11. Electron microscope images: nanostructured hard alloy, EDS map for local deposit of alloying constituent  
on the surface of hard-alloy composite produced on the basis of micron carbide powders with aluminum oxide 

 
Рис. 11. Электронно-микроскопические изображения наноструктурированного твердого сплава, EDS-карта 
локального залегания легирующего компонента на поверхности твёрдосплавного композита, изготовлен- 
 

ного на основе микронных порошков карбидов с добавками оксида алюминия 
 
 

  
a b 

 
Fig. 12. X-ray structure analysis of hard-alloy composites consolidated by electro-impulse plasma sintering  
 

method using nanoparticle additives: a – 1 %; b – 3 % 
 

Рис. 12. Результаты рентгеноструктурного анализа твердосплавных композитов, консолидированных  
 

методом ЭИПС с количеством добавок наночастиц: а – 1 %; б – 3 % 
 

 
Some strength characteristics of hard-alloy composites  

 

Physicomechanical characteristics  Composition of the material  

Hardness HV, 
ГПа 

Tensile strength at 
bending Rbm, ГПа 

Crack resistance КIс, МПа  м1/2 

Microcrystalline,  
ВК15 + Al2O3 

12.7 2.54 
 

21.6 

Microcrystalline, 
BK10KC + Al2O3 

15.1 2.68 
 

19.3 

ВК6 19.5 ± 0.6 2.03 ± 0.1 9.1 ± 0.6 

ВК6 + 2 % 
ZrO2 

20.4 ± 0.6 2.17 ± 0.1 9.3± 0.7 

Quasy- 
nanocrystalline 

  

ВК6 + 4 % 
ZrO2 

22.0 ± 0.6 2.09 ± 0.1 9.7 

 
Conclusion. The conducted complex parametrical re-

search results demonstrate that when modifying hard-
alloy composites by nanoparticles the principle of “com-
position-structure-property”, known in materials science, 
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is implemented. In total, the received results of experi-
mental studies in combination with methods of computer 
modeling and prediction of hard-alloy composites proper-
ties, modified by additives of ceramics nanoparticles, 
provide expansion of opportunities for structure and hard 
alloys properties operation. 

Composite submicronic powders (WC–Co) use in 
combination with modifying nanoparticles Al2O3, ZrO2 
(inhibitors) is an efficient starting method of nanostruc-
tured hard-alloy composites quality improvement. The 
calculated results (on the model) and the experimental 
studies comparison show satisfactory coincidence of the 
predicted microstructure parameters and strength proper-
ties with the obtained.  
 

References 
 

1. Fang Zak Z., Wang Xu, Taegong Ryu, Kyu Sup 
Hwang, Sohn H. Y. Synthesis, sintering, and mechanical 
properties of nanocrystalline cemented tungsten carbide – 
A review Int. Journal of Refractory Metals & Hard Mate-
rials. 2009, Vol. 27, P. 288–299. 

2. Andrievski R. A., Glezer A. M. Strength of nanos-
tructures. Physics-Uspekhi. 2009, Vol. 52, No. 4, P. 315–334. 

3. Panov V. S., Zaitsev A. A. Trends of development 
the technology ultrafine and nanosized tungsten carbide 
WC–Co – A review Proceedings of the universities. Pow-
der metallurgy and functional coatings. 2014, No. 3,  
P. 38–48.  

4. González Oliver C. J. R., Álvarez E. A., García J. L. 
Kinetics of densification and grain growth in ultrafine 
WC-Co composites. Int. Journal of Refractory Metals and 
Hard Materials. 2016, Vol. 59, P. 121–131. 

5. Rempel’ A. A., Kurlov A. S., Tsvetkov Yu. V. 
Tungsten carbide nanopowder for WC–Co hard alloys, 
Proceedings of the Fourth All-Union Conference on 
Nanomaterials. Moscow, IMET RAN Publ., 2011, P. 71. 

6. Sun L., Jia C., R. Lin Cao, Lin C. Effects of Cr3C2 
additions on the densification, grain growth and properties 
of ultrafine WC–11Co composites by spark plasma 
sintering. Sun, Int. J. Refract. Met. Hard. Mater. 2008, 
Vol. 26, P. 357–361.  

7. Huang S. G., Liu R. L., Li L. NbC as grain growth 
inhibitor and carbide in WC–Co hardmetals. International 
Journal of Refractory Metals & Hard Materials. 2008, 
No. 26, P. 389–395. 

8. Cholsong P., Ji L., Zhimeng G. Microstructure and 
properties of ultrafine WC-10Co composites with 
chemically doped VC. Rare metals. 2011, Vol. 30, No. 2, 
P. 183–188.  

9. Vollath D., Szabo D. V. Coated nanoparticles:  
A new way to improved nanocomposites. Journal of 
Nanoparticle Research. 1999, Vol1, P. 235–242. 

10. Nikolaenko I., Kedin N., Shveikin G. Synthesis  
of ultrafine powder (W, Ti) C by microwave heating in  
a stream of argon. International Journal of Materials  
Research. 2014, Vol. 105, No. 12, P. 1232–1235. 

11. Essaki K., Rees E. J., Burstein G. T. Synthesis  
of Nanoparticulate Tungsten Carbide Under Microwave 
Irradiation. J. Amer. Ceram. Sos. 2010, Vol 93, No. 3,  
P. 692–695. 

12. Yamamoto T., Ikuhara Y., Watanabe T. et al. High 
resolution microscopy study in Cr3C2-doped WC–Co. 
Journal of Materials Science. 2001, Vol. 36, P. 3885–3890. 

13. Gordeev Y., BucaemskyА., Seher G., Teremov S. 
Powder metallurgy world congress and exhibition. 1998, 
Vol. 4, P. 140–146. 

14. Gordeev Yu., Abkaryan A., Zeer G. Design and 
research of cemented carbides and ceramic composites 
modified by nanoparticles. Advanced Materials. 2012, 
No. 5, P. 76–88. 

15. Gordeev Yu., Abkaryan A. [Possibility of increas-
ing the strength of carbide materials and operational  
stability of the cutting tool through the use of thermome-
chanical processing] Stanki i instrument. 2013, No. 3,  
P. 30–34.  

16. Nakamura M., Gurland J. The fracture toughness 
of WC–Co twoophase alloys: A preliminary model,  
Metall. Trans. A. 1980, Vol. 11, No. 1, P. 141–146. 

17. Godse R., Gurland J. Applicability of the critical 
strength criterion to WC–Co, J. Mater. Sci. Eng. A. 1988, 
Vol. 106, P. 331–336. 

18. Gordeev Yu., Abkaryan A., Zeer G., Lepeshev A. 
[Effect of alloying additions of ceramic nanoparticles on 
the structural parameters and properties of hard alloys]. 
Vestnik SibGAU. 2013, No. 3(49), P. 171–181 (In Russ.). 

19. Gordeev Y. I., Abkaryan A. K., Binchurov A. S., 
Jasinski V. B., Vadimov В. Н. [Design and investigation 
of hard metalls composites modyfied by nanoparticles  
and thermomechanical treatment with a high level of  
mechanical and operating properties]. Vestnik SibGAU. 
2014, No. 4 (56), P. 209–218 (In Russ.). 

20. Kurlov A. S. Vacuum sintering of WC-8 wt.% Co 
hardmetals from WC powders with different dispersity. 
International Journal of Refractory Metals and Hard  
Materials. 2011, No. 29 (2), P. 221–231. 

21. Gordeev Y. I., Abkaryan A. K., Binchurov A. S., 
Jasinski V. B. Design and Investigation of Hard Metal 
Composites Modified by Nanoparticles. Advanced Mate-
rials Research. 2014, Vol. 1040, P. 13–18. 

22. Dvornik M. I, Mikhaylenko Ye. A. [Modeling the 
process of crack propagation in submicron and nanostruc-
tured hard metals]. Mechanics of composite materials and 
structures. 2014, Vol. 20, No. 1, P. 3–15. 

23. Dvilis E. S., Khasanov O. L., Bikbaeva Z. G., 
Polisadova V. V., Struts V. K., Omarov G. Z., Khasa- 
nov A. O. Pattern of the B4C Ceramics Surface Deforma-
tion at Local Loading. Advanced Materials Research. 
2014, Vol. 872, P. 60–64.  

24. Pozdnyakov V., Glezer A. [Structural mechanisms 
of destruction of nanocrystalline materials]. Solid State 
Physics. 2005, Vol. 47, No. 5, P. 793–800. 

25. Gordeev Y. I., Abkaryan A. K., Binchurov A. S., 
Lepeshev A. A., Yasinski V. B. Influence of Additives of 
Nanoparticles on Structure Formation of Fine-Grained 
Hardmetals. Key Engineering Materials. 2017, Vol. 743, 
P. 3–8.  

26. Gordeev Yu., Abkaryan A., Binchurov A., Jasinski V., 
Karpov I., Lepeshev A., Hasanov O., Dvilis E. [Devel-
opment of effective ways to control the structure and 
properties of carbide composites modified nanoparticles]. 
Journal of Siberian Federal University. Series: Tech-
niques and Technologies. 2014, Vol. 7, No. 3. P. 270–289. 



 
 
 

Технологические процессы и материалы 
 

 119

Библиографические ссылки 
 
1. Synthesis, sintering, and mechanical properties of 

nanocrystalline cemented tungsten carbide – A review / 
Zak Z. Fang [et al.] // Int. Journal of Refractory Metals & 
Hard Materials. 2009. Vol. 27. Pp. 288–299. 

2. Andrievski R. A., Glezer A. M. Strength of nanos-
tructures // Physics-Uspekhi. 2009. Vol. 52, no. 4. P. 315–334. 

3. Panov V. S., Zaitsev A. A Trends of development 
the technology ultrafine and nanosized tungsten carbide 
WC–Co – A review // Proceedings of the universities. 
Powder metallurgy and functional coatings. 2014, no. 3. 
Pp. 38–48.     

4. González OliverGonzález Oliver C. J. R., Álva- 
rez E. A., García J. L. Kinetics of densification and 
grain growth in ultrafine WC-Co composites // Int. Journal 
of Refractory Metals and Hard Materials. 2016, № 59.  
Р. 121–131. 

5. Rempel’ A. A., Kurlov A. S., Tsvetkov Yu. V. 
Tungsten carbide nanopowder for WC–Co hard alloys // 
Proceedings of the Fourth All-Union Conference on 
Nanomaterials. M. : IMET RAN, 2011. Р. 71. 

6. Effects of Cr3C2 additions on the densification, 
grain growth and properties of ultrafine WC–11Co 
composites by spark plasma sintering / L. Sun [et al.] // 
Int. J. Refract. Met. Hard. Mater. 2008. Vol. 26. Р. 357–361. 

7. NbC as grain growth inhibitor and carbide in WC–
Co hardmetals / S. G. Huang [et al.] // International 
Journal of Refractory Metals & Hard Materials. 2008.  
№ 26. P. 389–395. 

8. Cholsong P., Ji L., Zhimeng G. Microstructure and 
properties of ultrafine WC–10Co composites with chemi- 
cally doped VC // Rare metals. 2011. Т. 30, № 2. Р. 183–188.  

9. Vollath D., Szabo D. V. Coated nanoparticles:  
A new way to improved nanocomposites // Journal  
of Nanoparticle Research. 1999, Vol. 1. P. 235–242. 

10. Nikolaenko I., Kedin N., Shveikin G. Synthesis  
of ultrafine powder (W, Ti) C by microwave heating in  
a stream of argon // International Journal of Materials  
Research. 2014. Вып. 105, № 12. P. 1232–1235. 

11. Essaki K., Rees E. J., Burstein G. T. Synthesis  
of Nanoparticulate Tungsten Carbide Under Microwave 
Irradiation  // J. Amer. Ceram. Sos. 2010. Т. 93, № 3.  
С. 692–695. 

12. High resolution microscopy study in Cr3C2-doped 
WC–Co / T. Yamamoto [et al.] // Journal of Materials 
Science. 2001. № 36. Р. 3885–3890. 

13. Powder metallurgy world congress and exhibition / 
Y. Gordeev [et al.] 1998. Vol. 4. P. 140–146. 

14. Gordeev Yu., Abkaryan A., Zeer G. Design and 
research of cemented carbides and ceramic composites 
modified by nanoparticles // Advanced Materials. 2012, 
№ 5. P. 76–88. 

15. Гордеев Ю. И., Абкарян А. К. Возможности 
повышения прочности твердосплавных материалов  

и эксплуатационной стойкости режущего инструмен-
та путем применения термомеханической обработки // 
Станки и инструмент. 2013. № 3. C. 30–34. 

16. Nakamura M., Gurland J. The fracture toughness 
of WC–Co twoophase alloys: A preliminary model // Met-
all. Trans. A. 1980. Vol. 11, № 1. Pp. 141–146. 

17. Godse R., Gurland J. Applicability of the critical 
strength criterion to WC–Co // J. Mater. Sci. Eng. A. 
1988, Vol. 106. Pp. 331–336. 

18. Гордеев Ю. И. [Влияние добавок легирующих 
керамических наночастиц на структурные параметры 
и свойства твердых сплавов] / Ю. И. Гордеев [и др.]. 
Вестник СибГАУ, 2013. Т. 49, № 3. С. 174–181. 

19. Конструирование и исследование нанострукту-
рированных твердосплавных композитов с повышен-
ным уровнем прочностных и эксплуатационных  
характеристик за счет модифицирования наночасти-
цами и термомеханической обработки / Ю. И. Гордеев 
[и др.] // Вестник СибГАУ. 2014. № 4 (56). С. 209–218. 

20. Kurlov A. S. Vacuum sintering of WC–8 wt. % Co 
hardmetals from WC powders with different dispersity // 
International Journal of Refractory Metals and Hard  
Materials. 2011. № 29 (2). Pp. 221–231. 

21. Design and Investigation of Hard Metal Compos-
ites Modified by Nanoparticles / Y. I. Gordeev [et al.] // 
Advanced Materials Research. 2014. Vol. 1040. Pp. 13–18. 

22. Дворник М. И., Михайленко Е. А. Моделиро-
вание процесса распространения трещины в субмик-
ронных и наноструктурных твердых сплавах // Меха-
ника композиционных материалов и конструкций. 
2014. Т. 20, № 1. C. 3–15. 

23. Pattern of the B4C Ceramics Surface Deformation 
at Local Loading / E. S. Dvilis [et al.] // Advanced Mate-
rials Research. 2014. Vol. 872. P. 60–64.  

24. Поздняков В. А., Глезер А. М. Структурные 
механизмы разрушения нанокристаллических мате-
риалов // Физика твердого тела. 2005. Т. 47, № 5.  
C. 793–800. 

25. Influence of Additives of Nanoparticles on Struc-
ture Formation of Fine-Grained Hardmetals / Y. I. Gordeev 
[et al.] // Key Engineering Materials. 2017. Vol. 743.  
Pp. 3–8.  

26. Гордеев Ю. И. Разработка эффективных путей 
управления структурой и свойствами твердосплавных 
композитов, модифицированных наночастицами /  
Ю. И. Гордеев [и др.] // Журнал Сибирского федераль-
ного университета. Сер.: «Техника и технологии». 
2014. Т. 7, № 3. С. 270–289. 

 
 
 
 
 

© Gordeev Yu. I., Jasinski V. B., Anistratenko N. E.,  
Binchurov A. S., Vadimov V. N., 2018 

  
 

 



 
 
 

Сибирский журнал науки и технологий.  Том 19,  № 1 
 

 120

UDC 621.22 
 

Siberian Journal of Science and Technology. 2018, Vol. 19, No. 1, P. 120–136 
 

METHODS OF PREPARATION OF THE EXPERIMENT  
FOR INVESTIGATION OF UNIVERSAL JOINTS ON NEEDLE BEARINGS 

 
S. P. Eresko, T. T. Eresko, E. V. Kukushkin*, V. A. Menovshikov, A. A. Orlov 

 
Reshetnev Siberian State University of Science and Technology  

31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation 
*E-mail: ironjeck@mail.ru 

 
The main directions of development and improvement of performance data of universal joints needle bearings of 

transport technological machines are considered. The questions and tasks requiring the solution at the level of forming 
of new calculation procedures are specified. Modern achievements in researches of endurance failures and low-cyclic 
fatigue of needle bearings are considered. The main overview of the works performed in this direction is provided. The 
analysis of modern ideas of fatigue processes of needle bearings is given. The analysis of the current state of question 
on research of plastic deformation at static contact loading of needle bearings is given. Questions of forecasting  
of durability of needle bearings of universal joints are considered. The main questions connected with processes of 
forming of fatigue cracks in materials of needle bearings of universal joints in zones of power contact are considered. 
On the basis of the analysis of the used sources it was revealed that it is necessary to resolve the issues connected with 
improvement of performance data of universal joints needle bearings and questions of calculation of bearing capacity 
of power contact of rolling bearings and technology of receiving qualitative materials. For carrying out tests we used 
the test facility for universal joints allowing tests without overheat of system of braking due to cooling of working fluid 
and also improving operating conditions due to ensuring smoothness of regulation of braking torque. For measurement 
of roughness of surfaces the USB BV-7669M Profilograph profilometer was used. For measurement of hardness  
of surfaces of thorns of crosspiece of universal joints the HBRV-187,5 hardness gage was used. The technique  
of carrying out tests includes the following stages: marking of crosspieces of universal joints; measurement  
of roughness, hardness, geometry of crosspieces of universal joints; stage of tests; repeated measurements  
of roughness, hardness and geometry of crosspieces of universal joints; cutting of the studied universal joints and 
production of microsections for metallographic examinatons of active and passive surfaces of thorns of crosspieces  
of universal joints; processing of results of researches. The given technique of planning of experiments is intended for 
receiving experimental data of researches of universal joints at different stages of operation that will allow to estimate 
influences of errors of production on performance data of universal joints and to prove the reasons of formation of face 
and deep cracks. 
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Рассматриваются основные направления развития, улучшения и совершенствования рабочих характери-

стик карданных передач на игольчатых подшипниках транспортно-технологических машин. Указываются 
вопросы и задачи, требующие решения на уровне формирования новых методик расчёта. Рассматриваются 
современные достижения в исследованиях усталостных разрушений и малоцикловая усталость игольчатых 
подшипников. Приведен основной обзор выполненных работ в данном направлении. Дан анализ современных 
представлений об усталостных процессах игольчатых подшипников. Дан анализ современного состояния  
вопроса по исследованию пластического деформирования при статическом контактном нагружении игольча-
тых подшипников. Рассмотрены вопросы прогнозирования долговечности игольчатых подшипников карданных 
передач. Рассматриваются основные вопросы, связанные с процессами формирования усталостных трещин  
в материалах игольчатых подшипников карданных передач в зоне силового контакта. На основе анализа  
используемых источников было выявлено, что необходимо решить вопросы, связанные с усовершенствованием 
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рабочих характеристик карданных передач на игольчатых подшипниках, и вопросы расчёта несущей способ-
ности силового контакта подшипников качения и технологии получения качественных материалов. Для прове-
дения испытаний использовался стенд для испытаний карданных передач, конструкция которого позволяет  
испытывать карданные передачи, исключая перегрев системы торможения за счет охлаждения рабочей жид-
кости, а также улучшить условия эксплуатации за счет обеспечения плавности регулирования тормозного 
момента. Для измерения шероховатости поверхностей использовался USB профилограф-профилометр  
БВ-7669М. Для измерения твердости поверхностей шипов крестовины карданного шарнира был использован 
твердомер HBRV-187,5. Методика проведения испытаний включает в себя следующие этапы: маркировка кре-
стовин карданных шарниров; замер шероховатости, твердости, геометрии крестовин карданных шарниров; 
стадия испытаний; повторные замеры шероховатости, твердости, геометрии крестовин карданных шарниров; 
Разрезка исследуемых карданных шарниров и изготовление микрошлифов для металлографических исследова-
ний активной и пассивной поверхностей шипов крестовин карданных шарниров; обработка результатов  
исследований. Приведенная методика планирования экспериментов предназначена для получения эксперимен-
тальных данных исследований карданных передач на разных стадиях эксплуатации, которые позволят оценить 
влияния погрешностей изготовления на рабочие характеристики карданных шарниров и обосновать причины 
образования поверхностных и глубинных трещин. 

 
Ключевые слова: усталостные разрушения, игольчатые подшипники, современные представления исследо-

ваний, испытательный стенд, планирование эксперимента, испытания шарниров. 
 
Introduction. At the present stage of development  

of science and technology the problem of improvement of 
quality and competitiveness of universal joints needle 
bearings of different technological and hoisting-and-
transport machines is essential for scientific and technical 
progress. But still many questions did not receive definite 
answer [1–15]. 

Now many researches are conducted and many meth-
ods of calculation of parts contact strength, durability and 
reliability are developed, but they do not offer accurate 
concepts and explanations of work of identical parts under 
absolutely identical conditions with different values  
of durability. 

The analysis of the current state of science of wear lets 
know that without understanding of the process of wear 
creation of effective methods of fight against this 
phenomenon is impossible. The analysis of works [16–26] 
showed that hypothesis or the point of view were not 
always based on pilot experiments. 

Due to the development of the reactive equipment, 
atomic-power engineering and creation of unique prod-
ucts and engineering designs in the different industries  
of mechanical engineering, the problem of low-cyclic 
durability of elements of designs becomes urgent in the 
1950s. Due to the different processes of destruction  
of needle bearings at low and high levels of maximum 
voltages of cycle, we distinguish two types of fatigue: 
low-cyclic and multi-cycle. The low-cyclic fatigue is fa-
tigue of material at which the fatigue damage or destruc-
tion happens at elasto-plastic deformation. The multi-
cycle fatigue is fatigue of material at which the fatigue 
damage or destruction happens generally at elastic defor-
mation. 

Fatigue strength is an ability not to collapse under the 
influence of alternating loads during preset time of load-
ing. It is supposed that the level of influences is such that 
the plastic deformations arising at the same time in metal 
in the course of loading are so small that it is difficult to 
find them, i. e. generally in the course of loading metal 
undergoes only elastic deformations. In case of the higher 
level of influences when plastic deformations become 

noticeable, and durability is rather small, there is low-
cyclic fatigue [27]. 

At low-cyclic wear joint action of normal and tangent 
loadings at friction leads to the fact that the maximum 
tangent voltage arises not on the surface, but under the 
contact spot at small depth where damages gather and 
cracks are formed. If the material is fragile, the crack 
arises on its surface. Low-cyclic wear is observed during 
plastic deformation of surfaces (without cutting) of softer 
material by ledges the harder one. In places of such  
deformation side piles that at the subsequent passes can 
separate in the form of products of wear too are quite  
often formed [28]. 

Main part. Bearing blocks are the most important 
structural elements of machines and make the main part 
of frictional units. Failures of machines often happen  
because of failures of bearing blocks that limit durability 
of machines. Even at rather high-quality production of 
parts of bearing blocks, for example, of needle rolling 
bearing, the characteristic of universal joint can be unsat-
isfactory, and there may happen a sudden failure. By the 
failure we do not necessarily mean destruction of the rub-
bing (working) surfaces, but exit of one of characteristics 
of bearing blocks out of the allowed limits. 

Bearing blocks of agricultural machinery fail 
generally because of the abrasive wear connected with hit 
of dirt and dust. The most widespread criterion of failure 
of the bearing blocks of the general application working 
in cars, tractors, pumps, reducers, machines, lifting-and-
conveying machines is endurance failure. At the same 
time other characteristics, such as rigidity, level and range 
of vibration, antitorque moment, durability, etc. also are 
important for bearing blocks of special application. 

The durability of separate parts of bearing blocks 
confirmed with bench tests does not guarantee sufficient 
durability of all node. The latter circumstance is 
connected with the fact that the loadings operating in 
node and actual temperature can significantly differ from 
the bench ones. Besides, assembly and mounting change 
gaps, tightness and form of working surfaces of bearing 
blocks. The contradiction between quality of bearing 



 
 
 

Сибирский журнал науки и технологий.  Том 19,  № 1 
 

 122

blocks and the bearing itself, which is shown in nodes 
with rolling bearings, is especially distinct [29–32]. 

At production of bearing blocks features of their work 
are often not considered. So, for example, universal joints 
needle bearings in parameters of undulation and 
roughness of working surfaces of the bearing not always 
conform to requirements of working conditions. Ball 
bearings for spindle of the machine have small limiting 
rapidity, which is caused by the considerable heat release 
from sliding friction and rolling friction leading to thermal 
expansion of internal ring and balls and thermal jamming 
(inadmissible increase of antitorque moment of shaft). 
The solution demands constructive changes in the 
bearing, namely decrease in heat release and increase in 
rapidity. It can be made by production of the bearing with 
large number of smaller balls. Such bearings developed 
by V. F. Grigoriev showed rather high rapidity. It is clear 
that at system approach to design of bearing blocks it is 
possible to provide required heat release and, as a result, 
required extreme rapidity of the bearing at design stage in 
advance. 

Researches of plastic deformation of steel surfaces  
at static contact loading are given in R. G. Shtribek,  
S. V. Pinegin, A. Palmgren, D. Teybor’s works. It was 
found out that at pure rolling of two cylinders under 
loading exceeding a certain level their surfaces are 
displaced rather central part in the direction of rotation as 
a result of plastic shifts in subsurface layer. U. Hamilton 
in the work showed that plastic shifts amass with quantity 
of cycles of loading. In K. Johnson’s work it is shown that 
plastic deformation happens until Hertz tension does not 
become less than four limits of flowability at simple shift 
[11; 16; 26]. 

In the generalizing work by D. V. Orlov and  
S. V. Pinegina plastic deformation of the steel tempered 
parts at static loading, the pulsing contact and rolling 
under loading is investigated. Dependences of sizes  
of residual plastic deformation of surfaces on the level of 
tension, sizes and hardness are received. Calculations  
of tension taking into account plastic formings are carried 
out. The questions connected with justification of form of 
sample for carrying out material tests on contact fatigue 
are studied insufficiently. 

The classical mechanics of contact interactions  
is connected, first of all, with the name of Heinrich Hertz. 
In 1882 he solved the problem about contact of two 
elastic bodies with the bent surfaces. This classical result 
is the cornerstone of mechanics of contact interaction also 
nowadays. Only a century later K. Johnson and other 
authors found the similar solution for adhesive contact 
(JKR – the theory). 

Bases of the theory of contact voltages and 
deformations are developed by H. Hertz, N. M. Belyaev, 
A. N. Dinnik [11] and gained further development in  
a number of works of domestic and foreign scientists. 
Because of complexity of decisions of contact tasks the 
following assumptions were made: materials of bodies are 
homogeneous and isotropic; deformation happens  
in elastic limits and none of bodies receives plastic 
deformation; tangent loadings are absent in the zone  
of contact; both surfaces are absolutely smooth; the site  
of contact is small in comparison with the characteristic 

sizes of the compressed bodies; the hydrodynamic film 
between surfaces is absent. But at this stage of 
development only small part of assumptions takes place 
during the work of real parts, including contact task of H. 
Hertz which is the basis of engineering calculations of 
contact voltages and deformations. 

Further progress of mechanics of contact interaction  
in the middle of the 20th century is connected with  
F. F. Bowden and D. Teybor. They were the first to show 
the importance of accounting of surface roughness of the 
contacted bodies. The roughness leads to the fact that the 
valid area of contact between the rubbing bodies is much 
less than seeming area of contact. These conceptions 
significantly changed the direction of many tribological 
researches. F. F. Bowden and D. Teybor’s works caused 
emergence of number of theories of mechanics of contact 
interaction of rough surfaces. 

The main works in the field of contact interaction are 
those of D. Arkhard who came to conclusion that  
at contact of elastic rough surfaces the area of contact is 
approximately proportional to normal force. The further 
important contribution to the theory of contact of rough 
surfaces was made by D. A. Grinvud and G. P. Villiamson. 
The main result of these works is the proof that the valid 
area of contact of rough surfaces in crude approximation 
is proportional to the normal force while characteristics  
of separate microcontact (pressure, the amount of micro- 
contact) poorly depend on loading [31; 32]. 

The main role belongs to the bearing blocks working 
in the conditions of rolling under loading and its influence 
on operability of the hinge. However, despite the numer-
ous researches worked in this direction new topical issues 
appear continually. The process of violation of kinematics 
of the bearing and its influence on operability of universal 
joints in general is not investigated fully. It is connected 
with damage of bodies and paths of rolling, influence and 
distribution of resistance to rolling on the areas of the 
rolling contact. Influence of thermal wear equally pro-
motes change and destruction of paths of rolling and is the 
first-priority question demanding detailed consideration. 

In actual practice during the work of needle bearings 
slipping of balls happens extremely seldom. Lubricant 
and other factors determine the size of external tangent 
loadings [16]. 

In I. Ya. Shtayerman’s work number of space flat 
tasks was considered. Galin solved problems with friction 
and coupling of surfaces on contact taking into account 
the speed of deformation, anisotropy of material, variable 
on elasticity module depth, and also dynamic character  
of the phenomena on moving contact. N. I. Glagolev 
executed the solution of flat contact task taking into 
account friction forces and received the distribution law 
of normal and tangent loads with different distribution of 
sites of coupling and sliding on contact piece for the free 
and loaded with the moment wheel. The attempt is made 
to theoretically estimate wear of wheel and rail for case  
of plane-strain cylinders on empirical formulas of wear. 

M. M. Saverin conducted an in-depth study of joint 
action of normal and tangent loads on tension at contact 
compression of the cylinder with the plane. In B. I. 
Kovalsky and M. M. Saverin’s works tension at joint action 
of normal and tangent loads is deeply investigated [11]. 
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Aspects of durability and hypothesis of destruction of 
materials at contact and cyclic loadings were described by 
A. Griffitson [4; 21] who explained discrepancy in durability 
of perfect and real brittle bodies with availability  
of defects like cracks. E. Orovan, G. I. Taylor and  
A. D. Polyani developed the theory of dislocations and 
suggested to connect decrease in durability and plasticity 
of solid bodies with availability of dislocations [21]. 

T. Ekobori offered a way of determination of durabi- 
lity and causes of destruction of solid body in which 
macrostress concentration from defects like dislocation 
pile-up is considered simultaneously [21]. At repeated and 
variable loading cracks arise in the most plastically 
deformed microvolumes of material, borders of grains 
detain plastic deformation, the fatigue crack develops on 
body of grain and does not extend on borders of grains, 
when crossing borders of grains it extends with the 
slowed-down speed, the cyclic load causes in grains of 
structure of metal of strip of loosening [22]. 

The concentrators of tension which are sources  
of development of contact and fatigue microcracks can  
be of two types. The first include localized defects such  
as scratches, grinding scratches, dents, areas of altered 
microstructure in the form of burns. To the second,  
we classify local discontinuities in the continuity and 
homogeneity of the metal in the form of nonmetallic 
inclusions, inclusions of carbides, pores, shells and other 
metallurgical defects. Influence of different concentrators 
of tension on contact fatigue is considered in works [5–8; 
22–24]. When rolling under load, depending on the 
location of the stress concentrators that are most strongly 
influenced in specific conditions, the primary crack can 
occur on the surface of the part or under it. In this case, 
the surface crack will lead to the exfoliation of the metal 
particle and the resulting pit will be a new stress 
concentrator, which will cause the emergence of new 
microcracks, which lead to the separation of metal 
particles and the increase in the area of the crumpled site. 
This process is called pitting [16]. 

In case of development of fatigue crack from 
subsurface defect, it can be connected to the next 
microcracks. The trajectory and speed of its development 
depend on orientation of the microcracks lying close, and 
also on mechanical properties of the neighboring sites of 
metal. At the same time under surface several micro- 
cracks can develop. With cyclic loading, the crack that is 
in the most favorable conditions for its growth reaches the 
surface of the part and then the metal is chipping. And 
chipping depth from surface stress concentrators is 
several times greater than from surface defects [24]. 

In case of the so-called “the pulsing contact” primary 
fatigue cracks appear on surface of contour of spot of contact 
and extend deep into material. Extensive experimenttal 
data about arrangement of the possible centers of 
destruction at contact cyclic loading is given in work [24]. 

In P. Tardi and Ya. Stiklovari’s works consider that all 
microcracks in bearings made of steel ShH15 develop 
from nonmetallic inclusions in area of coverage of Hertz 
maximum tangent voltages [7]. N. N. Kachanov [25], also 
leaning on experimental material, believes that fatigue 
cracks can arise not only at depth of action of the maxi-
mum tangent voltages, but also slightly higher or below it. 

N. N. Kachanov bases these reasons that emergence of the 
plastic shifts leading to fatigue cracks depends not only 
on the theoretical level of tangent tension, but also on the 
strength of the stress concentrators, the main ones being 
nonmetallic inclusions. 

The idea of structure of solid bodies is revealed in the 
theory of dislocations [3; 18; 19]. Properties of metals and 
alloys are connected with emergence, movement and in-
teraction of dislocations. At the heart of all ideas of dura-
bility and plasticity of metal materials data on their dislo-
cation structure lie. Availability of dislocations explains 
sharp distinction between durability of real and reference 
metal. The dislocation structure in volume of real crystal-
line solid is implemented on the surface of body in the 
form of thin system of steps, hollows and ledges. 

External mechanical influences define conditions for 
development of these or those leading processes in sur-
face layers of metal of needle bearings. Under the influ-
ence of current changes serviceable condition of surface 
layer when material has the phase composition, structure 
and properties other than initial state forms. In the surface 
layer, that is in working order, there are processes the 
opportunities of which development depend on initial 
state of surface layer and operating conditions of needle 
bearings. 

Depending on the nature of the processes happening 
during frictional unit operating time after the termination 
of its work in surface layer there are following residual 
changes: mechanical hardening or loss of strength; phase 
hardening or loss of strength without change or with 
change of chemical composition; change of microrelief of 
friction surfaces of needle bearings and tension of surface 
layer. 

In modern representation the structure of surface lay-
ers of metal materials is multilayer [20]. After impact of 
shock impulse on the surface of material the central area 
of the place of blow will reflect acts of microjet current  
of material after passing of wave of deformation. After 
repeated impact of shock impulses, this zone will look 
like the hardened liquid with chaotic structure. Interaction 
of the central shock deformed area with the next objects 
of material can happen at the expense of rotational 
mechanisms to possible analogy to processes of current  
of viscous liquid in the oppressed layer. But at the same 
time, interaction of the central flow with laminar under-
layer can be followed by emergence of whirlwinds. The 
vortex layer in metals can consist of several couples of 
vortex cords with counter rotation of cords in each couple. 
From outside rotational formations will kind of slide  
on laminar underlayer, representing structure with not 
equiaxial cells. Band and checkerboard structures are also 
rotational. The checkerboard structure has static deforma-
tion about 50–60 % and is represented by set of rectangu-
lar formations of different orientation. The band structure 
consists of rotational bands arranged in series and capable 
of moving deep into the material under the action of the 
stress field. Rotational structures are capable of changing 
one another according to the mechanism of kinetic phase 
transformations [20]. 

To date, these structures can be attributed to any me-
chanical action, including surface friction, but the finest 
outer layer will be so-called secondary structure, i. e. 
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strongly deformed and containing oxygen, sulfur and 
other elements. 

At present, a lot of research has been done in this  
direction, but the issue of the mechanism of fatigue  
destruction is at the initial stage of development, which is 
confirmed by the search for the criterion of fatigue failure 
and the proposal of new solutions. 

The quantitative assessment of contact fatigue is expres- 
sed in the number of loading cycles or in hours of opera-
tion before the occurrence of fatigue failure of surfaces. 
Cyclically changing contact stresses cause the formation 
of cracks and separation of material particles, surface  
destruction in the form of pits of chipping (pitting), 
cracks, peeling flaking [16]. 

The question is acute on the problem of modeling the 
processes of low cycle fatigue of needle bearings. A large 
number of phenomena accompanying this process are 
known, which can not be placed within the framework of 
any of the proposed theories. These include heat-activated 
accumulation of damages, wearing in of surfaces during 
friction, cyclicity of wear, kinetic phase transitions of 
defect structures, physico-chemical and structural modifi-
cation of the material of the surface layer, etc. 

As in the operation of needle bearing huge pressure on 
the actual spots of contact develops, formation of particles 
of wear at fatigue wear of needle bearings happens only 
after a set of cycles of contact interaction, causing peri-
odic embrittlement and dispersion of surface layers. Each 
contact in surface layer causes irreversible changes of 
some diagnostic variable which identification is a neces-
sary step in search of objective criterion of wear resis-
tance of materials. 

Studying of needle bearing destruction as the process 
developing during finite time and depending on loading 
speed is of great importance. In this case the criteria of 
classical fracture mechanics based on the theory of con-
tinuous environments cannot authentically reflect essence 
of real physical processes. With extremely high speeds of 
deformation, flashes of high local temperatures, concen-
tration of high pressures there is not only smooth “shift” 
of phase point of condition of material in phase space, but 
also change of the leading mechanism of damageability. 
Therefore it is important to consider not only accumula-
tion of damages, but also the mechanism which is respon-
sible for specific way of destruction of bonds [33]. 

Particular interest in the mechanics of needle bearing 
failure with low-cycle fatigue is a time factor. It involves 
a wide range of tasks for forecasting the durability  
of structural materials and managing the life of products. 
It was noted in [34] that “the establishment of regularities 
in the evolution of the system requires the introduction of 
the time factor into the equation of the mechanical state”. 
A lot of work has been devoted to the study of the rela-
tionship of time to strength parameters, but most of them 
are related to the study of the long-term strength of mate-
rials in creep, which is due to the applied importance  
of this problem. Since the rate of time flow in the system 
depends on the degree of influence of the deflecting fac-
tors [33; 34], the question of the zero value of the parame-
ter arises. Is it possible to estimate the zero value of the 
system time in the same way as for temperature, pressure, 
entropy or other parameters. With what physical phe-

nomenon the point of reference of time is connected at the 
analysis of durability of materials. An analysis of this 
problem shows that the time factor of modern science has 
not yet been sufficiently studied. The traditional percep-
tion of the longevity of the system as a time from the be-
ginning of its loading to the moment of destruction is not 
physically justified. 

Wear of universal joints depends on the physical and 
chemical and mechanical processes proceeding in contact. 
The kinematics of the movement of interfaces (sliding, 
roll, roll with sliding, roll under loading, etc.), structure 
and composition of surface and near-surface layers of 
materials, condition of lubricant layer, formation of sur-
face connections, geometrical characteristics of contacting 
surfaces and their change in time has great influence  
on the process [16]. 

Due to the different processes of destruction of needle 
bearings at low and high levels of maximum voltages  
of cycle, we will consider questions of low-cyclic fatigue 
and formation of fatigue cracks in materials of needle 
bearings of universal joints, occurring at elasto-plastic 
deformation. It is supposed that the level of influences is 
such that the plastic deformations arising at the same time 
in metal in the course of loading are so small that it is 
difficult to find them, i. e. generally metal in the course  
of loading undergoes only elastic deformations. In case of 
the higher level of influences when plastic deformations 
become noticeable, and durability is rather small, there  
is low-cyclic fatigue. At low-cyclic wear joint action of 
normal and tangent loadings at friction leads to the fact 
that the maximum tangent voltage arises not on surface, 
and under contact spot at small depth where damages 
gather and cracks are formed [16; 28]. 

The endurance failure of surface layer occurs in the 
needle bearings which are exposed to long loading by 
variable efforts. Fatigue cracks arise on friction surfaces 
and extend deep into layer. Being gradually extended, 
small cracks form grid on certain limited or big sites of 
surface. Disclosure of cracks happens under the influence 
of the pulsating pressure of lubricant. 

Crack, having reached the basis of antifrictional layer, 
changes the direction, extending on joint between the  
basis and layer, afterwards certain sites of surface layer 
chip. Chipping of large pieces of surface layer is followed 
by formation of surface “wounds” which are hammered 
with the wear products operating as abrasive. Flawing 
increases wear of friction surfaces, sharp edges make the 
cutting action, and near edges there is chipping of surface 
of material. 

Cyclically changing contact voltages cause the surface 
destructions in the form of chipping poles called pitting. 
Formed abscesses ranging in size from a few hundredths 
of a millimeter to several millimeters increase during the 
operation of the friction unit, and surface peeling occurs. 

In his works, I. V. Kragelsky developed an equation 
for frictional fatigue and developed a frictional fatigue 
model that takes into account processes at the level  
of influence of surface roughness, with relative sliding of 
rubbing bodies, a disruption occurs as a result of repeated 
deformation of the abraded material by the rigid micro-
irregularities of the counterbody [16]. 
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The process of accumulation of damages in sliding of 
bodies in a rolling condition under load has a certain stag-
ing. At first there is accumulation of elastic lattice distor-
tions and increases density of dislocations. After 
achievement of critical density of dislocations there are 
submicroscopic cracks. Together with irreversible distor-
tions of crystal lattice interatomic bonds are broken and 
separate microvolumes collapse [16; 28; 34]. 

By Ya. G. Panovko [16] researches it is established 
that in couples of friction at operation there are forced 
harmonic oscillations with frequencies up to 100 kHz and 
above. Sizes of vibratory frequencies are defined by the 
speed of relative movement and degree of roughness  
of contacting surfaces. Amplitudes of oscillation depend 
on physicomechanical properties of the contacting cou-
ples in conditions of loading. Forced oscillations are the 
cause of the appearance and development of fatigue 
cracks, resulting in destruction. Particular interest in the 
mechanics of needle bearing failure with low-cycle  
fatigue is a time factor. It involves a wide range of tasks 
for forecasting the durability of structural materials and 
managing the life of products. 

Problem definition of research. The carried-out 
analysis showed that the problem of low-cyclic fatigue of 
needle bearings is studied insufficiently. All this detains 
development of the specified methods of calculation of 
parts that in turn affects rates of improvement of machine 
components designs, and, therefore, the over-all perform-
ance decreases at the expense of untimely exit of the 
equipment out of operation. 

The question of the mechanism of physical aspect of 
metal fatigue and endurance failure of balls under the 
influence of temperature and fatigue wear is studied not 
completely and demands more careful studying as well  
as research of interrelation of primary endurance failures 
with dislocation of cyclically repeating or alternating ten-
sions in material of parts. 

Among other things, it is necessary to consider the  
influence of mechanical and thermal methods of surface 
hardening of parts on their fatigue contact strength with  
a complex alternation of stresses throughout the entire 
loading cycle during rolling under load. 

Influence of radial, axial, angular fluctuations of balls 
of needle bearings is not studied sufficiently so far, as 
well as the issue of range of possible fluctuations of shaft 
of universal joints is not fully handled. 

The problem of heat release and thermal conductivity 
is not fully addressed in the rolling of parts under load, 
and there is no system for predicting the temperature  
regimes of the operation of units and ways to reduce heat 
generation [1; 16; 17; 35–39]. 

For calculation of bearing capacity of modern designs 
and machine components, exposed in use to difficult 
complex of cyclically changing loadings, it is necessary to 
know stress and deformation fields in zones of the maxi-
mum strength, and also behavior of material during 
elasto-plastic cyclic deformation [40]. 

On the basis of this, the conditions for the emergence 
of limiting states are used – breaking strength, the appear-
ance of unacceptable movement, etc. The most inten-
sively developed direction when creating criteria for low-
cycle strength under loading is the concept of equivalent 

parameters. According to this concept, choosing a corre-
sponding equivalent parameter, a complex stress state 
leads to an equivalent linear stress state. 

To assess the limiting state of materials in the theory 
of low-cycle fatigue, the criteria of four groups are used: 
deformation, force, energy and criteria based on the  
account of material damage. Deformational and energy 
criteria have become most widespread in the calculation 
practice [41]. 

In practice, equivalent parameters are widely used, 
which are a direct application of the criteria of plastic 
flow. A bright development of this approach was the work 
of M. Brown and K. Miller, who proposed two parameters 
for describing the low cycle fatigue: maximum shear de-
formation and normal deformation in the plane of maxi-
mum shear. At present, there is a significant number of 
modifications to this approach. Generalizing the work in 
this direction, apparently, is the work of A. Mackind and 
K. Neal in which a technique is proposed for constructing 
the function of destruction and a description on its basis 
of curves of equal durability. The authors have shown that 
all the criteria previously proposed in the framework  
of the equivalent approach are special cases of the  
destruction function [42]. 

Deformation criteria are based on the fact that under  
a rigid loading regime, the quasistatic fracture region is 
absent on the low-cycle fatigue curves, therefore the lim-
iting state of the material can be estimated by the ampli-
tude (swing) values of the total deformation, its elastic  
or plastic components. However, if for uniaxial or propor-
tional deformation these criteria are sufficiently effective 
and simple, then for multiaxial low-cycle loading they do 
not always give acceptable results. In accordance with 
energy criteria, the limiting state in the material occurs 
when the total energy associated with its hardening 
reaches a critical value. In this regard, the energy  
approach to the assessment of fatigue damage and the 
destruction of metals is more general, because it uses as a 
measure of material damage the specific scattered energy 
or the specific work of plastic deformation per loading 
cycle. The latter circumstance is important when consid-
ering biaxial or multiaxial fatigue, when cyclic trajecto-
ries with the same range of deformations, but with differ-
ent cycle shapes, correspond to different levels of durabil-
ity. The practical use of energy criteria with respect to 
disproportional deformation causes specific requirements 
for the choice of a theory of plasticity for a more accurate 
prediction of the elastoplastic hysteresis loops, and it  
involves some difficulties in calculating the specific work 
of plastic deformation.  

Attempts of overcoming shortcomings of deformation 
and power approaches led to development of the modified 
deformation criteria allowing considering both influence 
of amplitude of deformations, and the additional harden-
ing that is strongly expressed at disproportionate deforma-
tions. The present work is devoted to the analysis of re-
cently published experimental results on the behavior of 
various metallic materials under biaxial low-cycle fatigue 
and the development of approaches for creating an effec-
tive modified deformation criterion on their basis [41]. 

The problem of low-cyclic fatigue of elements of  
machines and designs which arose in connection with 
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intensification of operation of products in the conditions 
of high thermomechanical loading at the quasistationary 
nature of repeated static power and temperature influences 
develops in relation to problems of assessment of endur-
ance and durability on the basis of deformation interpreta-
tion of criteria of destruction [43]. 

Problem of low-cyclic fatigue of the bearing elements 
of designs and machine components with the broad range 
of temperatures and speeds of loading in relation to low-
cyclic fatigue (without taking into account the tempera-
ture-time factor) and long cyclic durability (taking into 
account temperature and time factor), including two main 
directions: research of kinetics of stress fields and defor-
mations in the zones of the maximum strength defining 
places of the accelerated accumulation of damages and 
destruction; studying of properties of materials by number 
of cycles and deformation time [44]. 

Proceeding from the aforesaid it is necessary: 
1. Carrying out tests of universal joints at different 

stages of operation (breaking-in, normal operation, failure). 
2. Errors of production impact assessment on per-

formance data of universal joints. 

3. Justification of the reasons of formation of face and 
deep cracks. 

Description of the equipment. For laboratory tests 
the stand for tests of universal joints will be used, the de-
sign of the stand is presented in fig. 1, 2. The stand con-
sists of the electric motor 1 which output end is connected 
to the technology transfer 2 connected to the tested uni-
versal joint 3, mounted on the main frame 4. The output 
shaft of universal joint 3 is connected to input shaft of the 
distributing reducer 5 mounted on additional frame 6. The 
device of loading is hydraulic and represents hydraulic 
pump 7 which shaft is attached to output shaft of distrib-
uting reducer 5. The input channel of hydraulic pump 7 is 
connected to hydraulic tank 8 with working fluid, and its 
output channel is attached to the input channel of throttle 
9 regulating loading. Between the throttle and hydraulic 
pump the manometer 10 calibrated in terms of braking 
torque and the safety valve 11 for release of excessive 
pressure in hydraulic tank 8 are installed. The output 
channel of throttle is connected to hydraulic tank, via the 
heat exchanger 12. 

 

 
 

Fig. 1. The stand for research of universal joints 
 

Рис. 1. Стенд для исследования карданных передач 
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Fig. 2. The hydraulic scheme of the stand  
for research of universal joints 

 
Рис. 2. Гидравлическая схема стенда  
для исследования карданных передач 

 
The stand works as follows: the torque from the elec-

tric motor 1 is transferred to the tested universal joint 3 
through technology transfer 2, hydraulic pump 7 at the 
same time transfers to the tested universal joint the braking 
torque created and regulated by throttle 9, value of brak-
ing torque is defined with the help of the manometer 10 
calibrated in terms of braking torque. With an excess of 
operating pressure, the safety valve 11 is activated to pre-
vent a jump in the set pressure of the hydraulic fluid in the 
hydraulic system that releases excess pressure into the 
hydraulic tank 8. The heat exchanger 12 cools the working 
fluid. 

The size of corner of break of universal joint is change 
by movement of the cross movable frame having the 
nonius by means of which the corner of break of universal 
joint for the corresponding length of universal joint is 
exposed. 

The design of the offered stand allows to test universal 
joints, excepting overheat of system of braking due to 
cooling of working fluid, and also to improve operating 
conditions due to ensuring smoothness of regulation of 
braking torque. The stand offers simplicity of design and 
system of setup of braking torque by means of adjustable 
throttle and the manometer of pressure of working fluid 
calibrated in terms of braking torque [45–52]. 

For measurement of roughness of surfaces the USB 
BV-7669M Profilograph profilometer was used. The pro-
filograph profilometer is intended for registration, the 
analysis of profile and measurement of parameters of 
roughness, outer and inner surfaces which section repre-
sents straight line to the planes of measurement. Before 
use calibration of the sensor, i. e. setup of sensitivity  
of measuring channel of the sensor by means of sample of 
the Ra parameter, adjusting with rated value, which is part 
of the profilometer was carried out. 

For measurement of hardness of surfaces of thorns of 
crosspiece of universal joints the HBRV-187.5 hardness 
gage was used. The hardness gage is intended for deter-
mination of hardness by Rockwell, Brinell and Vikkers’s 
methods. The hardness gage is widely used at the enter-
prises of mechanical engineering and metallurgy, labora-
tories of higher education institutions and research insti-
tutes for determination of hardness. The hardness gage 
consists of frame, the main lever mechanism, the mecha-
nism of loading and unloading, the optical measuring 

screen, the mechanism of the choice of loading and the 
mechanism of raising of worktable. The frame is the 
closed body in which there are all mechanisms, except 
table, screw rod and part of the main rod. The hardness 
gage is the optical measuring instrument mainly by 
Rockwell’s method. The device transforms depth of cup 
to units of hardness and directly displays on the projection 
screen which is on the front panel of the hardness gage. 
The surface of the studied sample should be equal, 
smooth and pure; there should not be traces, pollutants, 
stratifications, cracks, dredging, etc. on it. The bearing 
surface of the sample and worktable also should be pure 
for achievement of the best contact. The surface of the 
sample should be flat, the radius of curvature should not 
exceed 15 mm. 

The technique of carrying out tests includes the 
following stages: 

1. Marking of crosspieces of universal joints. The ar-
rangement of crosspieces on shafts was recorded on lubri-
cators, which serve to determine the leading and trailing 
spikes of the joint of the universal joint (fig. 3). 

The account of numbers of thorns of crosspiece  
of universal joints begins with the hinge face where the 
lubricator is, and proceeds in ascending order clockwise. 

2. Measurement of surface roughness, hardness and 
geometry. Surface roughness; geometrical sizes of univer-
sal joints; hardness of universal joints were measured 
before tests.  

The roughness of surfaces was measured according to 
the scheme in fig. 4 on every thorn of crosspiece No. 1–4 
from four points t. 1–4 in a straight line along thorn axis. 
Ra – arithmetic average deviation of profile and Sm – 
average step of roughnesses of profile of surface roughness 
were received as parameters of surface roughness values. 

We measure the geometrical sizes of universal joints 
according to the scheme in fig. 5, these are diameters  
of thorns of crosspiece of di, length between end faces of 
thorns of crosspiece is of l13 and l24, diameters of glasses 
of needle bearings of Di. 

We measure the hardness of universal joints on each 
thorn of crosspiece (fig. 4) in current t. 1. 

3. Testing stage. According to researches [16] the 
stage of breaking-in comes to an end in the range from  
1 to 5 hours of universal joints operation therefore we will 
use time intervals from 1 o’clock in each hour, i. e. to 
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carry out tests on the first universal joints – 1 hour, on the 
second – 2 hours, etc. After detection of changes (transi-
tion to stage of low-cyclic fatigue from stage extra earn-
ings), we will investigate the received interval with more 
exact step. 

4. Repeated measurements of roughness, hardness, 
geometry according to item 2. 

5. Cutting of the studied universal joints and produc-
tion of microsections for metallographic examinatons  
of active and passive surfaces of thorns of crosspieces  
of universal joints according to the scheme (fig. 6) 

6. Processing of results of researches by method of the 
smallest squares, which based on minimization of the sum 
of squares of deviations of some functions from required 
variables and assessment of errors of measurements, crea-
tion of curve of fatigue (Veller’s curve) (fig. 7). 

The problem of preliminary experiment consists in check: 

1. Operability of test stands [45–47] of author’s de-
velopment and possibility of carrying out tests of univer-
sal joints at different stages of operation [53–54] (break-
ing-in, normal operation, failure); assessment of impact of 
errors of production on performance data of universal 
joints for justification of the reasons of formation of face 
and deep cracks. 

2. Sensitivity of systems and elements of the test  
stand [55]. 

3. Carrying out preliminary tests for verification of the 
plan of tests and investigation of significant levels and 
factors, the accuracy of levels and classes of the test 
stand, identification of error of measurements. 

4. Dependences of the constructive modes and parame-
ters of criterion function, such as torsional moment and 
braking which are not connected with long-run, resource 
tests, so-called kinematic sizes. 

 

 
 

 
Fig. 3. The scheme of installation of the tested joints  

of the prop shaft 
 

Рис. 3. Схема установки испытуемых шарниров  
карданного вала 

 
Fig. 4. Scheme for measuring roughness  

and hardness of surfaces 
 

Рис. 4. Схема измерения шероховатости  
и твердости поверхностей 

 
 

 
 

Fig. 5. Scheme of measurement of sizes of universal joints 
 

Рис. 5. Схема измерения размеров карданных шарниров 
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Fig. 6. Scheme of cutting of the studied universal joints for production of microsections 
 

Рис. 6. Схема разрезки исследуемых карданных шарниров для изготовления микрошлифов 
 

 
 

Fig. 7. Fatigue Curve (Veller’s curve) 
 

Рис. 7. Кривая усталости (кривая Веллера) 
 
 

Table 1 
Summary data table of hardness of universal joints 

 

Hardness, HRC 
Number of the hinge 

1 thorn 2 thorn 3 thorn 4 thorn 
1 56.5 54.5 54.5 56.0 
2 58.5 58.5 58.5 58.5 
3 53.5 53.5 53.5 53.5 
4 55.0 56.0 56.5 56.0 
5 59.0 59.0 58.5 59.0 
6 60.5 60.5 63.5 61.5 

  
For performance of preliminary experiment, meas-

urements according to technique of carrying out tests 
were carried out, results of measurements are given in  
tab. 1–3. 

Conclusion. In conclusion we will note that the most 
essential in all given work, is that the low-cyclic fatigue 
of needle bearing, process of forming of fatigue cracks in 
materials of needle bearings of universal joints at low-
cyclic fatigue of needle bearings is topical issue and 
demands additional research in this direction. Many 
shortcomings of domestic machines, their low resource 
are connected with underestimation of dynamics during 
the calculating, design and operation. Physical processes 

at rolling friction of needle bearing are caused by patterns 
of interaction of solid bodies, at elastic and plastic 
deformation of microroughnesses of surfaces, heat 
transfer, adhesion and hydrodynamics of lubricant. The 
carried-out analysis showed that the problem of “low-
cyclic” fatigue of needle bearings is studied insufficiently, 
and many shortcomings of domestic machines, their low 
resource are connected with underestimation of dynamics 
during the calculating, design and operation. Physical 
processes at rolling friction of needle bearing are caused 
by patterns of interaction of solid bodies, at elastic and 
plastic deformation of microroughnesses of surfaces, heat 
transfer, adhesion and hydrodynamics of lubricant. 
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Table 2 
Summary table of measurements of roughness measurements on the surfaces of universal joints 

 

Thorn № 1 Thorn № 2 Thorn № 3 Thorn № 4 
Parameter 

т. 1 т. 2 т. 3 т. 4 т. 1 т. 2 т. 3 т. 4 т. 1 т. 2 т. 3 т. 4 т. 1 т. 2 т. 3 т. 4 

 Crosspiece 1 

Ra 0.735 0.767 0.621 0.759 0.669 0.745 0.708 0.715 0.614 0.644 0.589 0.623 0.673 0.642 0.595 0.621 

Sm 0.085 0.078 0.065 0.075 0.078 0.081 0.078 0.077 0.071 0.071 0.069 0.067 0.071 0.067 0.070 0.066 

 Crosspiece 2 

Ra 0.461 0.454 0.454 0.482 0.412 0.372 0.478 0.451 0.393 0.413 0.335 0.401 0.504 0.419 0.454 0.508 

Sm 0.057 0.065 0.072 0.059 0.060 0.060 0.063 0.058 0.062 0.075 0.073 0.062 0.062 0.070 0.073 0.070 

 Crosspiece 3 

Ra 0.375 0.472 0.397 0.420 0.381 0.423 0.447 0.409 0.384 0.634 0.421 0.394 0.326 0.323 0.390 0.404 

Sm 0.058 0.062 0.071 0.063 0.068 0.061 0.060 0.068 0.065 0.053 0.072 0.062 0.056 0.062 0.061 0.061 

 Crosspiece 4 

Ra 0.863 0.662 0.759 0.896 0.708 0.659 0.646 0.705 0.759 0.689 0.630 0.644 0.743 0.727 0.887 0.835 

Sm 0.077 0.075 0.090 0.078 0.079 0.066 0.066 0.078 0.066 0.081 0.069 0.067 0.066 0.068 0.072 0.075 

 Crosspiece 5 

Ra 0.381 0.571 0.599 0.450 0.406 0.410 0.498 0.500 0.458 0.726 0.451 0.451 0.382 0.394 0.484 0.538 

Sm 0.067 0.081 0.073 0.081 0.073 0.070 0.067 0.078 0.073 0.074 0.060 0.070 0.071 0.070 0.076 0.090 

 Crosspiece 6 

Ra 0.372 0.310 0.408 0.271 0.603 0.518 0.334 0.345 0.414 0.337 0.426 0.461 0.379 0.515 0.310 0.322 

Sm 0.080 0.070 0.058 0.059 0.072 0.067 0.064 0.068 0.081 0.068 0.079 0.062 0.064 0.072 0.069 0.066 
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Table 3 

Summary table of measurements of dimensions of universal joints 
 

Diameter of the bearing, mm. Diameter of the bearing, mm. The size between end faces of thorns, mm. 

d1 d2 d3 d4 D1 D2 D3 D4 l13 l24 

Crosspiece 1 

16.29 16.28 16.29 16.29 16.30 16.33 16.34 16.35 79.96 79.95 

Crosspiece 2 

16.28 16.28 16.29 16.29 16.36 16.35 16.32 16.33 79.98 79.99 

Crosspiece 3 

16.28 16.29 16.29 16.29 16.35 16.34 16.33 16.35 80.01 80.01 

Crosspiece 4 

16.29 16.29 16.29 16.29 16.28 16.32 16.35 16.33 79.86 79.95 

Crosspiece 5 

16.61 16.61 16.60 16.60 16.67 16.64 16.72 16.63 80.01 80.00 

Crosspiece 6 

16.61 16.61 16.60 16.61 16.67 16.70 16.63 16.70 79.99 79.99 
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On the basis of the analysis [1–26] it was revealed that 
it is necessary to resolve the issues connected with  
improvement of performance data of needle bearings univer-
sal joints and questions of calculation of bearing capacity 
of power contact of rolling bearings and technology  
of receiving qualitative materials. The given technique  
of planning of experiments is intended for receiving ex-
perimental data of research of universal joints at different 
stages of operation which will allow to estimate influ-
ences of errors of production on performance data of uni-
versal joints, including author’s developments [54–59] 
and to prove the reasons of formation of face and deep 
cracks. 

As a result of carrying out preliminary experiment  
dependences of the constructive modes and parameters of 
criterion function, such as torsional moment and braking 
which are not connected with long-run, resource tests, so-
called kinematic sizes will be received. Operability of test 
stands [45–47] of author’s development and possibility  
of carrying out tests of universal joints at different stages 
of operation is checked (breaking-in, normal operation, 
failure); impact assessment of errors of production  
on performance data of universal joints for justification of 
the reasons of formation of face and deep cracks. Sensi-
tivity of systems and elements of the test stand is checked. 
The plan of tests and technique of tests for determination 
of significant levels and factors, accuracy of levels and 
classes of the test stand, identification of error of meas-
urements are checked. 
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The modern solar arrays for the most spacecrafts consists of solar cells which are formed by the thirty nano- and 

micro-dimensional epitaxial layers based on AIIIBV materials forming triple junction InGaP / InGaAs / Ge. This article 
presents the results of a study of experimental samples of thin single-crystal epitaxial InxGa1-xP layers with different 
indium and gallium concentrations (x = 38 to 53 %) that were grown on Ge – substrate by MOCVD industrial equip-
ment. The theme of present investigation is the influence of epitaxial growth parameters on the crystal structure charac-
teristics. 

The ratio of the components of the third group in the gas phase were calculated from the specified technological  
parameters. The rocking curves obtained by high-resolution two-crystal X-ray diffractometry were investigated. The 
lattice parameter and the ratio of indium to gallium in the solid phase were calculated. A high perfection of a single-
crystal structure with an insignificant broadening of the X-ray diffraction peaks was observed in the range from 45  
to 53 %. It is shown that the broadening of the diffraction peak of the structure can be the criterion of estimation of the 
quality of the grown structure in addition to the mismatch of diffraction maximum. Also the In / (In + Ga) ratio in the 
solid phase was calculated using the method of photoluminescence effect measuring. It was shown in comparison of 
data of x-ray diffraction with photoluminescence method the composition determination by photoluminescence method 
should be considered only as estimated. 

 
Keywords: solar cell, solar battery, epitaxial layer, gas-phase epitaxy, photoelectric converter, X-ray diffractome-

try, photoluminescence, AIIIBV, semiconductor structure. 
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На сегодняшний день для энергообеспечения подавляющего большинства космических аппаратов исполь- 

зуются солнечные батареи, состоящие из солнечных элементов, структура которых образована тремя  
десятками нано- и микроразмерных эпитаксиальных слоев на основе материалов AIIIBV, формирующих каскады 
InGaP / InGaAs / Ge. Приведены результаты исследования экспериментальных образцов тонких монокристалли-
ческих эпитаксиальных слоев типа InxGa1–хP с различным содержанием индия и галлия (x = от 38 до 53 %), 
выращенных методом газофазной эпитаксии из металлоорганических и гидридных соединений в установке 
промышленного типа на германиевой подложке. Предметом исследования является влияние параметров эпи-
таксиального роста на характеристики кристаллической структуры. 

Расчетным методом получено соотношение компонентов третьей группы в газовой фазе из заданных тех-
нологических параметров. Исследованы кривые качания, полученные с помощью высокоразрешающей двухкри-
стальной рентгеновской дифрактометрии, рассчитан параметр решетки и соотношение индия и галлия  
в твердой фазе. В диапазоне от 45 до 53 % наблюдается высокое совершенство монокристаллической струк-
туры с незначительным уширением дифракционных рентгеновских пиков. Показано, что критерием оценки 
качества выращенной структуры наряду с рассогласованием дифракционных максимумов может служить 
уширение дифракционного пика структуры. Также соотношение In / (In + Ga) в твердой фазе получено  
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посредством метода измерения эффекта фотолюминесценции. При сравнении данных, полученных с помощью 
рентгеновской дифрактометрии и метода измерения эффекта фотолюминесценции, показано, что определе-
ние состава с помощью метода измерения фотолюминесценции следует рассматривать только оценочно. 

 
Ключевые слова: солнечный элемент, солнечная батарея, эпитаксиальный слой, газофазная эпитаксия,  

фотоэлектрический преобразователь, рентгеновская дифрактометрия, фотолюминесцения, AIIIBV, полупро-
водниковая структура. 

 
Introduction. Due to the increased requirements for 

onboard spacecraft systems, there is a need to create solar 
array (SA) with high performance and energy characteris-
tics and increased service life (more than 15 years). The 
SA will convert sunlight directly into electricity with high 
efficiency, creating almost constant power at low operat-
ing costs [1]. The most promising elements for a modern 
SA for operating as a part of the spacecraft and satellites 
are cascade solar cells (SC) based on AIIIBV materials. 

Modern triple-junction CS is a complex planar device. 
Generating semiconductor part of such a solar cell, pro-
duced by Metalorganic Chemical Vapour Deposition 
(MOCVD), consists of three dozen nano- and micro-sized 
functional layers forming triple junction InGaP / InGaAs / 
Ge. Due to the relatively large surface of the device – 
about 30 cm2 [2; 3], in order to achieve high characteris-
tics of the structure, it is particularly important to comply 
with the requirements for uniformity of properties of all 
layers of the structure. To create a multi-layer SC, using 
different materials, a large number of technological opera-
tions are necessary, each of which requires careful moni-
toring of the process parameters and properties of the 
product, since the deviation from the norm at each stage 
can affect the properties of the finished structure and the 
output characteristics of the SC [3]. Intermediate control 
of properties allows detecting defects at each stage (epi-
taxial growth of semiconductor structure, post-growth 
processes: photolithography, metallization, deposition of 
anti-reflection coating, the formation of overall dimen-
sions, etc. [2]) and reject defective wafers. To identify the 
causes of possible defects, it is necessary to determine the 
dependences between the properties of the structure and 
the technological parameters of the process [3]. 

One of the main factors for improving the efficiency 
of SС is the perfection of growth of semiconductor layers, 
namely: matching the lattice parameters, the minimum 
concentration of defects in the crystal structure and 
achieving high homogeneity of the composition on the 
entire surface of the wafer. The mismatch of lattice  

parameters is of the first importance, as it is in itself  
a measure of deformation in the layer [4]. Therefore, for 
the development of special epitaxial layers with precise 
matching of the lattice parameter in the process of growth, 
it is essential to have full data about the ratio in the  
gas stream of the elements of the third group In / Ga of 
the periodic system of chemical elements for obtaining  
a target composition in the structure of the epitaxial layer 
InxGa1-xP (the main material not only of modern triple 
junction solar cell, but other promising photovoltaic  
devices), i. e. it is necessary to study the dependence  
of the ratio of the composition in the gas and solid phase. 

Experimental Details. For a detailed study of the epi-
taxial layer of InxGa1–хP on the subject of the influence  
of the epitaxial growth parameters on the characteristics 
of the crystal structure model samples of simplified structure 
of more than 60 pieces with different content of indium 
and gallium (x = from 38 to 53 %) doped with silicon and 
tellurium, on the germanium substrate with a diameter of 
100.0 ± 0.4 mm were manufactured. The samples were 
grown by the MOCVD method on the installation of an 
industrial type Veeco E450. Schematic images of the struc-
tures assigned are shown in fig. 1, as well as the techno-
logical parameters for each layer assigned in the calcula-
tions, were obtained applying the program for the analysis 
and comparison of recipes Veeco RCPAnalysis [5; 6]. 

Method of gas-phase epitaxy of metal-organic and 
hybrid compounds. The feature of MOCVD method lies 
in the fact that in the epitaxial reactor creates a high tem-
perature area, which receives a gas mixture containing 
decomposable compounds [7]. In the reactor, the release 
and deposition of the substance on the substrate occurs, 
and gaseous reaction products are carried out by the flow 
of hydrogen carrier gas. For the preparation of com-
pounds AIIIBV, as the source of III group element is used 
metal-organic compounds, for example, trimethylgallium 
(ТМGa) and trimethylindium (TMIn) for the synthesis of 
InGaP. As a source of group V elements such gas as 
phosphine (PH3) is used. 

 

 

 
 

Fig. 1. Schematic representations of the structure of model samples  
(for epitaxial layers InxGa1–xP values of thickness are indicated) 

 
Рис. 1. Схематические изображения структуры модельных образцов  

(для эпитаксиальных слоев InxGa1–хP указаны значения толщины) 
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Since the structure of the SC consists of many semi-
conductor layers, with different chemical composition and 
different levels of alloying and doping, before the process 
of creating the entire semiconductor structure in one cycle 
of epitaxial growth it is necessary to use the software  
installation epitaxial growth recipe.The recipe is a table in 
which the technological parameters for each metal-organic 
and hydride compound at each time of the epitaxial 
growth process are specified, as well as the temperature in 
different zones of the growth chamber, etc. [3; 8]. 

To obtain an epitaxial layer with specified properties, 
such as the crystal lattice parameter, the band gap width, 
it is necessary to control the chemical composition of the 
growing layers, determined by the composition of the gas 
mixture and the distribution of metal-organic compounds 
in the reactor. 

The composition of the gas mixture is set by such 
technological parameters as the speed of flow of sub-
stances, the pressure in babbler and temperature [9; 10]. 
The schematic design of the bubbler for dosing liquid 
volatile alkyl TMGa and bubbler for TMIn into the reac-
tor is shown in fig. 2. 

Physico-chemical calculation of the ratio of elements 
of the third group In / Ga in the gas phase. In order  
to calculate the flow of the component in the gas phase 
for each metal-organic compound, it is necessary to use 
the following formula (1): 

 газ
TMGa,TMIn ,

( )
v

b v

S P
V

P P V




 
 (1) 

where S is the flow of substance through the bubbler, 
cm3/min; Pb – pressure in the bubbler, Pa; Pv – the partial 
pressure of metal-organic compounds at a given tempera-
ture, Pa; V – the molar volume of ideal gas (under normal 
conditions), cm3/mol. 

The saturated steam pressure is determined by indi-
vidual equations, depending on the temperature (T) accord-
ing to the tabular data [11]. For TMGa according to the 
expression (2), and for TMIn according to the expression (3): 

 10 (TMGa)
1703

log 8.070 ,vP
T

   (2) 

 10 (TMIn)
3014

log 10.52 .vP
T

   (3) 

Thus, having considered the equations (1), (2), (3) it 
can be concluded that the velocity of the molar flow at the 
outlet of the bubbler can be controlled by changing the 
velocity of the hydrogen flow, the pressure in the bubbler 
and the bubbler temperature. The increase in pressure  
in the bubbler (Pb) reduces the velocity, temperature rise 
(equivalent to an increase in Pv), as well as the flow of 
hydrogen – increases the molar velocity. Thus, the given 
values are technological parameters that can be changed 
to achieve the required composition of the layer. 

Despite the perfection of the MOCVD method in the 
technology of semiconductor production, the periodic 
inspection of key parameters of epitaxial structures is 
required [3], in addition, such a procedure is necessary for 
the synthesis of new layers. One of the main methods is  
a method of x-ray diffraction (XRD). 

Methods of measurement using high-resolution 
two-crystal x-ray diffraction. To determine the lattice 
parameter of separate compounds on the XRD Vector 
measurements were carried out, which resulted in a rock-
ing curve. 

It should be noticed that, the maximum contribution to 
the intensity, gives the thickest layer of the structure, 
namely Ge substrate. The presence of broadening and any 
other stand-alone peaks indicates the presence of layers 
mismatched from the lattice parameters [12]. 

 

       
 

Fig. 2. Construction of bubbler: V1, V2, V3 – pneumatic valves; MFC – device 
for supplying a given flow of hydrogen; MFC/PC (РС) – pressure controller – 
device for maintaining the preset pressure in the bubbler; Piezocon – the  
device that determines the molar concentration of TMIn at the outlet of the  
 

bubbler 
 
Рис. 2. Конструкция барботёров: V1, V2, V3 – пневматические клапаны; 
MFC – прибор подачи заданного потока водорода; MFC/PC (РС) – кон-
троллер давления – прибор поддержания заданного давления в барботё-
ре; Piezocon – прибор, определяющий мольную концентрацию TMIn  
 

на выходе из барботёра 

Thermostat 

Output 
to alkyl unit

Output 
to alkyl unit
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A classic example of the rocking curve for the epi-
taxial layer of InGaP is shown in fig. 3. In structures with 
different number of misaligned layers, the rocking curves 
are characterized by the presence of one narrow peak with 
high intensity and spaced from it by a certain number of 
angular seconds of the peak with lower intensity. When 
the peak is located with lower intensity to the left of the 
main, there is an increase in the lattice parameter relative 
to the substrate, while the location to the right of the main 
one is a decrease: 

 
2

2 2 2 2( ),
d

a H K L
n

     (4) 

where a is the lattice parameter, Å; d is the inter-plane 
distance between the reflecting planes, Ǻ; n is an integer 
describing the diffraction order of the reflection; H, K, L – 
the indices of the interference; 

 
1In Ga P InP GaP(1 ) ,

x x
a x a x a


      (5) 

where x is the content of In in the solid solution. 
The obtained experimental data are well placed on the 

line based on the table data on the Vegards rule, but there 
are some deviations near the table value of the Ge lattice 
parameter. Since in this case it is difficult to separate the 
peaks of the substrate and the epitaxial layer, there is an 
error in determining the distance between them. An  
example of such a rocking curve is shown in fig. 4, a. 

For samples with a significant deviation of the lattice 
parameter, the rocking curves are characterized by a large 
value of the broadening of the peak is about 800 
arcseconds (fig. 4, с). For the classical rocking curve of 
the faultless structure, the distance between the peaks of 
the order of 200–400 arcseconds and the broadening is 
less than 200 (fig. 4, b). 

The XRD survey, the data processing of the rocking 
curves of experimental samples of epitaxial structures, as 
well as data for calculating the composition of solid solu-
tion from the gas phase composition, a diagram of de-
pendence of the lattice parameter (the primary axis) and 

the broadening of the x-ray peak (secondary axis) the ra-
tio of In / Ga in the epitaxial layer of InxGa1-хP was made 
(fig. 5). 

The lattice parameter increases with the increase in the 
percentage of indium in InxGa1-хP. Basically, all experi-
mental data are well placed on the straight line, the mis-
alignment of the lattice parameter is 0.1–0.26 %. In the 
range of 45 to 53 % monocrystalline structure is charac-
terized by high perfection. When the ratio of In and Ga  
is 1:1 the epitaxial layer is characterized by the best prop-
erties with the most similar value of the lattice parameter 
in accordance with the Ge. The deviation from the com-
position for these samples ranges from 0.5 to 3 %. 

Additionally, studies have been carried out to deter-
mine the homogeneity of the solid solution throughout the 
surface of the sample. Due to the center symmetry of the 
growth chamber, single rocking curves are measured 
along the sample radius. The comparison of measurement 
results shown in fig. 6 indicates a homogeneous growth of 
the epitaxial structure in composition according to table, 
which makes it reasonable to survey at the central point 
with multiple measurements and confirms the reliability 
of the data obtained. 

Thus, according to the results of studies on the high-
resolution two-crystal XRD it is possible to conclude 
about the state of samples of SC, the presence of mis-
aligned layers, defects and the possibility of further work 
with the resulting epitaxial structures, as well as if neces-
sary to make adjustments to the recipe for epitaxial 
growth. 

Method for measuring the effect of photolumines-
cence. To determine the composition of the solid solution 
by using the method of measuring the effect of photolu-
minescence (PL) at 2000 RPM equipment. This method is 
easier to implement, the equipment allows to obtain the 
maps to analyze the uniformity of properties, but the 
method is indirect and it is necessary to take into account 
the contribution of other factors (alloying). 

 

 
 

Fig. 3. Experimentally obtained classical rocking curve  
for an epitaxial layer InGaP 

 
Рис. 3. Экспериментально полученная классическая кривая качания  

для эпитаксиального слоя InGaP 

I, relative units 

seconds  
of angle 
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Fig. 4. Rocking curves for a different ratio In / Ga in the solid phase 
 

Рис. 4. Кривые качания для различного соотношения In / Ga в твердой фазе 
 

 
The results values calculation of the of the lattice parameter  

and the composition of the solid solution of epitaxial layer InxGa1–хP for 5 points 
 

№ survey point d2θ, arcsecond θ, º a, Å Δа/аGe, % Ga, % In, % 

1 290.4 33.03 5.6518 0.108 51.87 48.13 

2 295.8 33.03 5.6517 0.110 51.90 48.10 

3 300.3 33.04 5.6516 0.112 51.92 48.08 

4 296.1 33.03 5.6517 0.111 51.90 48.10 

5 282.3 33.03 5.6519 0.105 51.83 48.17 

 
According to the data illustrated in fig. 7, we can 

judge about the uniformity in thickness and composition 
of the epitaxial structure at the stage of growth, because 
the PL signal depends on the width of the band gap of the 
material given by the chemical composition. 

Spectral maps show the distribution of the integral  
intensity of PL, wavelength peak, intensity peak and full 
width at half maximum of the spectrum on the planar epi-
taxial structure [3; 10]. Spectral maps (fig. 7) stored  
in a format that allows determining the spectrum data at 
each point of the epitaxial structure. In particular, the data 
is processed by the elements of the technology support 
system [13; 14]. 

Using the results obtained, it is possible to determine 
the homogeneity of the studied layer and calculate the 
value of the band gap width using the formula (6): 

 ,g
h c

E





  (6) 

where Еg is photon energy, eV; λ is photon wavelength 
(characteristic wavelength of photoluminescence spec-
trum), nm; h – Planck’s constant, eV/sec; с – is the speed 
of light, m/sec. 

The obtained results show the uniform distribution of 
peak spectra of PL (electron-optical properties) over the 
entire surface of the sample, while the average deviation 
of the maximum spectra of PL is 2.8 %. 

When comparing the data of the ratio of In / Ga in the 
solid phase measured by the two methods for samples 
dopped with Si and Te, it is seen that the composition data 
obtained by PL measurement should be considered as 
estimated. The results are presented in fig. 8. 

а 

с 

b In/Ga in gas phase, % 

I, relative units 

I, relative units 

I, relative units 

2θ, seconds of angle

2θ, seconds of angle

2θ, seconds of angle

d2θ = 211 seconds of angle 

d2θ = 1220 seconds of angle 
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Fig. 5. The graph of the dependence of the lattice parameter and the broadening of the 
x-ray peak on the ratio In / Ga in the epitaxial layer InxGa1–xP: triangular points – the 
experimental data of the lattice parameter; points – the broadening of the diffraction 
peaks of some samples; the dotted line – the value of the lattice parameter Ge; direct  
 

line – data constructed according to Vegard’s rule 
 
Рис. 5. График зависимости параметра решетки и уширения рентгеновского пика 
от соотношения In / Ga в эпитаксиальном слое InxGa1–хP: треугольные точки – 
полученные экспериментальные данные параметра решетки; круглые точки – 
значения уширения дифракционных пиков некоторых образцов; пунктирная  
линия – значение параметра решетки Ge; прямая линия – данные, построенные  
 

по правилу Вегарда 
 

 
 

Fig. 6. A set of rocking curves obtained along the radius of the sample  
 

Рис. 6. Набор кривых качания, полученных вдоль радиуса образца 

 

       
 

Fig. 7. Spectral map and single photoluminescence spectrum for one sample  
 

Рис. 7. Спектральная карта и единичный спектр ФЛ для одного образца 

In/(In+Ga ) in gas phase, %

Broadening, 
seconds of angle 

2θ, seconds of angle

I, relative units 
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Fig. 8. Graphs of the ratio In / Ga of the epitaxial layer InxGa1-xP in the solid phase, obtained 
by means of X-ray diffractometry and photoluminescence from the ratio in the gas phase: 
round shaded points – the results obtained with the X-ray diffractometry method; triangular 
unpainted dots – results obtained using the photoluminescence method; a straight line – the  
 

line of consistency 
 
Рис. 8. Графики зависимости соотношения In / Ga эпитаксиального слоя InxGa1–хP  
в твердой фазе, полученные с помощью методов РД и ФЛ от соотношения в газовой 
фазе: круглые закрашенные точки – результаты, полученные с помощью метода РД; 
треугольные незакрашеные точки – результаты, полученные с помощью метода ФЛ,  
 

прямая линия – линия соответствия данных 
 

 
For x < 0.63 GaxInx–1P material, the following expres-

sion [15] is true to calculate the composition of the epi-
taxial layer: 

 21.34 0.69 0.48 .gE x x      (7) 

Conclusion. The research, the results of which are 
presented in this article, was completed as a part of the 
determining of the conditions of a highly homogeneous, 
defect-free growth of epitaxial layers. The general scheme 
of such studies was tested mainly on InGaAs layers [16; 17]. 

In the course of the work, the following important re-
sults were obtained: 

– the optimal technological parameters of epitaxial 
growth in the composition of the solid solution InxGa1–хP 
are determined; 

– it is revealed that for the solid solution InxGa1–хP in 
the range from 45 to 53 % there is a high perfection of 
single crystalline structure, a slight broadening of diffrac-
tional x-ray peaks (less than 200 acrsecond); 

– it is shown that the criterion for assessing the quality 
of the grown structure, along with the misalignment of 
diffraction maximum, can be the broadening of the dif-
fraction peak of the structure. 

Additionally, it is shown that: 
– the plotted rocking curves along the radius of the 

sample indicate a high homogeneity of the solid solution 
over the entire surface of the sample (deviation of the 
lattice parameters 0.01 %), which makes it reasonable to 
detect at the central point in multiple measurements and 
confirms the reliability of the data obtained; 

– the composition of the solid solution determined us-
ing the method of measuring the effect of photolumines-
cence, should be considered as evaluative. 

The obtained results allow us to move to the next 
stage of work to determine the optimal technological  
parameters for the growth of perfect epitaxial layers of 
InxGa1–хP on a substrate of Ge in the structure of the mod-
ern and perspective high-performance cascade SC for 
space applications, namely achieving the required electrical 
characteristics using precision dopping [17; 18]. It is also 
possible to use the created and tested on the compound 
InxGa1–xP algorithm for similar studies of other materials. 
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The paper presents the results of the introduction of a coding system for violations of technological discipline in the 

organization by making a statistical analysis of violations. Compliance with technological discipline is a necessary 
condition and basis for ensuring the required quality of manufactured products. Breaking the discipline leads to the 
production of defective goods, to a decrease in product quality, to deterioration of working conditions, and to accidents 
and breakdowns of technological equipment. In this paper, we present the procedure for analyzing recurring violations 
based on the collected data from 12 production departments of one organization. For the implementation of the coding 
system the authors collected, processed and analyzed data using statistical methods such as a checklist, a histogram,  
a Pareto chart, a diagram of the causes and results. The use of statistical methods does not require large expenditures 
and makes it possible to judge the state of the phenomena (objects, processes) with a given degree of accuracy and  
reliability. An important feature of the application of the presented methodology is the ability to predict and regulate 
problems at all stages of the product life cycle and, on the basis of this, to develop optimal management decisions. Sta-
tistical methods are effective tools for collecting and interpreting data, as well as analyzing quality information. 

Coding violations of technological discipline makes it possible to identify recurring violations, develop corrective 
and preventive actions, both at the level of the production department and at the level of the organization as a whole. 
The results obtained are of considerable interest and can be used both at enterprises of space industry and at other  
engineering enterprises. 
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ПОВЫШЕНИЕ УРОВНЯ ТЕХНОЛОГИЧЕСКОЙ ДИСЦИПЛИНЫ ПУТЕМ ВВЕДЕНИЯ  
СИСТЕМЫ КОДИРОВАНИЯ С ИСПОЛЬЗОВАНИЕМ СТАТИСТИЧЕСКИХ МЕТОДОВ  
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Представлены результаты внедрения системы кодирования нарушений технологической дисциплины в ор-
ганизации путем проведения статистического анализа нарушений. Соблюдение технологической дисциплины 
является необходимым условием и основой обеспечения требуемого качества изготавливаемой продукции,  
нарушение ее приводит к выпуску брака, к снижению качества продукции, ухудшению условий труда, авариям 
и поломкам технологического оборудования. Представлен порядок проведения анализа повторяющихся нару-
шений на основе собранных данных с 12 производственных подразделений одной организации. Для внедрения 
системы кодирования нарушений были организованы сбор, обработка и анализ данных с использованием ста-
тистических методов, таких как контрольный листок, гистограмма, диаграмма Парето, диаграмма причин  
и результатов. Применение статистических методов не требует больших затрат и позволяет с заданной 
степенью точности и достоверностью судить о состоянии исследуемых явлений (объектов, процессов). Важ-
ной особенностью применения представленной методологии является возможность прогнозировать и регули-
ровать проблемы на всех этапах жизненного цикла продукции и на основе этого вырабатывать оптимальные 
управленческие решения. Статистические методы являются эффективными инструментами сбора и интер-
претации данных, а также анализа информации о качестве.  

Кодирование нарушений технологической дисциплины позволяет выявить повторяющиеся нарушения, раз-
рабатывать корректирующие и предупреждающие действия как на уровне производственного подразделения, 
так и на уровне организации в целом. Полученные результаты представляют значительный интерес и могут 
быть использованы как на предприятиях космической отрасли, так и на других предприятиях машиностроения. 

 
Ключевые слова: технологическая дисциплина, статистические методы, предупреждающие действия, кор-

ректирующие действия. 
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Introduction. According to the analysis made  
by “Roskosmos” State Corporation the existing level of 
technological discipline at the enterprises of the rocket 
and space industry in 2015–2016 does not ensure the so-
lution of the tasks assigned to “Roskosmos” State Corpo-
ration to reduce the accident rate. 

In order to ensure the required level of technological 
discipline in the creation of spacecraft, the JSC “ISS” 
named after academician M. F. Reshetnev decided to  
introduce a coding system for violations of technological 
discipline. 

The purpose of the implementation of the system is 
the development of preventive actions to prevent recur-
ring violations of technological discipline at the organiza-
tion level. 

Implementation objectives: 
– detection of recurring violations in all production 

units of the organization; 
– analysis of recurring violations; 
– development of measures to prevent violations and 

improve the technological processes, both at the level of 
structural departments and at the level of the organization 
as a whole. 

Introducing the coding system. The first stage of the 
introducing the system was the detection of all violations 
of technological discipline through the analysis of acts of 
external and internal checks on technological discipline, 
monthly and annual reports on the quality of production 
departments [1; 2]. 

The second stage is the identification of recurring 
violations of technological discipline. 

The third stage is the analysis of the objects of control 
where recurring violations were revealed. On the basis of 
results of the analysis, the following control objects were 
identified [1]: 

– manufacturing process; 
– materials, component parts, electrical goods, semi-

finished products, blanks; 
– details and assembly units, kits, products; 

– performers of the technological process; 
– design documentation (hereinafter referred to as “DD”) 

and technological documentation (hereinafter – TD); 
– equipment; jigs, fixtures and tools (hereinafter – JFT) 

for monitoring and testing; 
– workplace; 
– circulation of products. 
The fourth stage is the division of recurring violations 

among the objects of control. 
The fifth stage is the coding of recurring violations. 

All objects of control are numbered from 1 to 9. 
In each object recurring violations are encoded. Tab. 1 

shows an example of coding violations at the control  
object 4 “Performers of the Technological Process”. 

In each object it was accepted to enter the code – 
“Others”, in case the detected violation does not fit into 
any code. 

The sixth stage is the introduction of the coding sys-
tem into the organization quality management system  
by re-publishing the organization standard for control of 
technological discipline. 

After the introduction the system was tested in all 
production departments. Each inspection of technological 
discipline is recorded in the journals or in the acts of  
inspections; in case of a violation a violation code is  
inserted in a special column [3]. Each production depart-
ment carries out a monthly analysis of technological dis-
cipline (the number of audited control objects according 
to types of inspections, the number of violations detected, 
the violation code). All information is transferred to the 
quality control department of the organization (hereinafter – 
QCD) for analysis throughout the organization [3–6]. 
Processing the data on violations of technological dis- 
cipline is shown in fig. 1. 

Once in every six months all production departments 
make quality analysis with the release of the report which 
has a section on the analysis of technological discipline. 
Measures are being developed on the basis of the analysis 
results to prevent recurring violations [7–9]. 

 
Table 1 

Coding the violations at control object 4 “Performers of the Technological Process” 
 

Control object Violations at the control objects  
Code  

of violation 

Non-compliance between the performer’s qualification and the qualification specified 
in TD 

401 

Certification of the performer has not been carried out (JSC included) 402 

There is no mark in the certificate for admission to work 403 

Failure to comply with HSE requirements, fire safety 404 

Non-submission of the first detail (operation) indicated in TP for control 405 

Incorrect registration of the accompanying document (not issued, missing, errors in 
registration)  

406 

Non-closure of previous operations not permitted by the schedule of parallel-sequential 
operations 

407 

Violation of the requirements of TP, TS, DD 408 

Non-compliance with the requirements for technological and special clothing 409 

Work without an antistatic wrist strap 410 

4. Performers  
of the technological 
process 

Others 411 
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The results of the analysis of technological discipline 
in production departments, the data are transferred to the 
QCD for analysis at the level of the organization as  
a whole. According to the results of the quality reports 
analysis for the first half of 2017 the QCD analyzed the 
violations of the technological discipline throughout the 
organization. Fig. 2 presents recurring violations of tech-
nological discipline in the organization for the first half of 
2017 in the form of a histogram (a special type of a bar 
graph that allows one to visualize the distribution of sta-
tistical data) [10–14]. 

The results of the analysis for the first half of 2017: 
the organization checked 6348 objects, revealed 1102 
violations (17 %); recurring violations are the following: 

– certification of JFT, equipment, control and testing 
has expired (9 %); 

– general comments on DD and TD (8.2 %); 
– unsatisfactory state of production culture (8.2 %); 
– mistakes made by performers in the design of ac-

companying documents (8 %); 
– non-closure of previous operations (6.6 %); 
– general comments on workplaces (4 %). 
Pareto chart showing the reasons of technological dis-

cipline violations was constructed to study the recurring 
violations (fig. 3). Pareto Chart is one of the quality man-
agement tools that helps to determine priorities in the  
selection of problems; it helps to identify the problems 
that have the greatest impact on the process [11–15]. 

Pareto diagram is a bar graph where each column  
reflects the relative contribution to the problem of an  
individual factor, all the columns being arranged in de-
scending order from left to right [14]. 

It can be seen from the diagram that the greatest im-
pact on the level of technological discipline was made by 
four violations (they are indicated by a grey background). 

Having determined specific problems that require pri-
ority solutions with the help of Pareto diagram it is neces-
sary to take the next step, that is, to identify the main 
causes of the problems, i. e. to carry out their analysis.  
A diagram of causes and results (also called a fish skele-
ton) was constructed during the analysis of causes of the 
problems. This diagram is a quality management tool 
used to determine causes of the problems [14]. 

Fig. 4 is a diagram of the causes and results of recur-
ring violations of technological discipline. The figure 
shows four violations of technological discipline, identified 
from Pareto chart, which need paying most attention to. 
These reasons are placed with arrows along the “ridge”. 
Then using “Brainstorming Method” [14] the QCD group 
listed the most probable causes of these problems. 

According to the diagram it is clear that the main causes  
of violations of technological discipline are inattention 
and lack of competence of employees. 

The identified reasons allow to develop measures  
to solve the problems and thus to plan improvements. 
Measures were taken to prevent recurring violations of 
technological discipline after the analysis. The activities 
are presented in tab. 2. 

 

 
 

Fig. 1. Processing the data on violations of technological discipline 
 

Рис. 1. Процесс обработки данных по нарушениям технологической дисциплины 
 

 
 

Fig. 2. Recurring violations of technological discipline in the production departments for the first half of 2017 
 

Рис. 2. Повторяющиеся нарушения по технологической дисциплине  
по производственным подразделениям за I полугодие 2017 года 
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Fig. 3. Pareto diagram of recurring violations in the organization 
 

Рис. 3. Диаграмма Парето повторяющихся нарушений по организации 
 

 
 

Fig. 4. Diagram of causes and results of recurring violations in the organization 
 

Рис. 4. Диаграмма причин и результатов повторяющихся нарушений по организации 
 

Table 2 

Measures to prevent recurring violations of technological discipline  
 

Measures to prevent recurring violations 
Responsible for 
implementation 

Supervisor Deadline 

1. Deliver required minimum of technical knowledge to tech-
nologists on the timely implementation of changes in AI in tech-
nological processes, as well as on additional monitoring of the 
state of DD and TD when issuing them from the archive  

Chief 
of Technological 

Bureau 

Chief of 
technical control 

bureau 
(hereinafter – TCB) 

15.09.2017 г. 

2. Deliver required minimum of technical knowledge to tech-
nologists to comply with the requirements of standards for the 
completion of technological passports and maintenance of tech-
nical processes 

Chief 
of  Technological 

Bureau 
Chief of TCB 15.09.2017 г. 

3. To develop the schedule of attestation of JFT and equipment 
in electronic form 

Responsible 
for preparation  
of production 

Chief of a workshop 12.10.2017 г. 
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End of table 2 

Measures to prevent recurring violations 
Responsible for 
implementation 

Supervisor Deadline 

4. Issue an order to assign duties for compliance with the sched-
ule of certification of equipment in the absence of the person 
responsible for the preparation of production and certification of 
JFT, equipment (vacation, business trip, sick leave) 

Chief of a workshop Chief of TCB 15.09.2017 г. 

5. Deliver required minimum of technical knowledge to per-
formers about the requirements of standards for the preparation 
of accompanying documentation 

Chief of TCB Chief of a workshop 15.09.2017 г. 

6. Work through the entire range of JFT and include the missing 
positions in the certification schedule 

Responsible 
for preparation  
of production 

Chief of a workshop 10.10.2017 г. 

7. During the shop “Hour of quality” to discuss with the chiefs of 
production sites the problem of the observance of order by the 
performers at their workplaces and the absence of dusting mate-
rials in the clean zones  

Chief of TCB Chief of a workshop 05.09.2017 г. 

8. Deliver required minimum of technical knowledge to per-
formers according to the requirements of the standard on culture 
of production  

Head of Production 
Section 

Chief of TCB 05.09.2017 г. 

 
Conclusion. The analysis of data for the first quarter 

of 2017 after the approbation of the coding system 
showed an increase in the number of violations detected 
during internal inspections in departments (in the first half 
of 2016 the number of violations revealed was 13.8 % of 
violations from the number of objects, and in the first half 
of 2017 it was 19.6 %); in its turn, the number of viola-
tions revealed by external control (factory commissions, 
external audits) decreased in comparison with 2016 (from 
20 to 17.6 %), which may indicate that the work on the 
development of corrective and preventive actions ongoing 
within departments has led to a reduction in the number of 
comments made by external audits. 

One of the further strategic goals for the implementa-
tion of the coding system is the creation and implementa-
tion of an automated system that includes special software 
for the efficient analysis of the received data on violations 
of technological discipline and the timely development  
of corrective and preventive actions, both at the level of 
structural departments and at the level of the organization 
as a whole. 
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DIELECTRIC PROPERTIES OF SOLID SOLUTIONS OF MANGANESE  
CHALKOGENIDES SUBSTITUTED BY IONS OF GADOLINIUM 
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The paper describes materials based on solid solutions GdxMn1–xS and GdxMn1–-xSe, which in the future can be used 
in aerospace industry as sensors, detectors, and information writer-readers. 

In solid solutions GdxMn1–xA (A = S, Se) (x ≤ 0.2), capacitance and tangent of the dielectric loss angle were meas-
ured at the frequency of 10 kHz without a magnetic field and in the magnetic field of 8 kOe in the temperature range 
100–500 К. The growth of the dielectric permittivity and the maximum of dielectric losses in the low-temperature  
region were observed. The displacement of the temperature of the maximum of the imaginary part of the permittivity in 
the direction of high temperatures is found with increasing concentration. For two compositions, a magnetocapacitance 
effect was observed. The magnetocapacitance effect δεН = (ε(Н,T)−ε(0,Т))/ε(0,Т)) was determined as a result of inves-
tigation of the complex dielectric permittivity. 

The synthesis of new chalcogenide compounds in the cationic substitution of manganese by gadolinium in the MnS 
and MnSe systems will make it possible to clarify the effect of the anion system, as a result of studying its magnetoresis-
tive properties with concentration in the gadolinium ion flux region along the x ≤ 0.2 lattice.  

Dielectric losses are described in the Debye model with the freezing of dipole moments and in the model of orbital-
charge ordering. 

 

Keywords: solid solutions, electrical capacity, dielectric permittivity, magneto-capacitance effect. 
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ДИЭЛЕКТРИЧЕСКИЕ СВОЙСТВА ТВЕРДЫХ РАСТВОРОВ ХАЛЬКОГЕНИДОВ МАРГАНЦА,  
ЗАМЕЩЕННЫХ ИОНАМИ ГАДОЛИНИЯ 
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Описаны материалы на основе твердых растворов GdxMn1-xS и GdxMn1-xSe, которые в перспективе могут 

использоваться в аэрокосмической отрасли в качестве сенсоров, датчиков, устройств записи-считывания 
информации.  

В твердых растворах GdхMn1–xA (A = S, Se) (x ≤ 0,2) проведены измерения емкости и тангенса угла диэлек-
трических потерь на частоте 10 кГц без магнитного поля и в магнитном поле 8 кЭ в интервале температур 
100–500 К. Обнаружен рост диэлектрической проницаемости и максимум диэлектрических потерь в области 
низких температур. Найдено смещение температуры максимума мнимой части диэлектрической проницаемости 
в сторону высоких температур с ростом концентрации. Для двух составов обнаружен магнитоемкостный 
эффект. Магнитоемкостный эффект δεН = (ε(Н,T) − ε(0,Т))/ε(0,Т)) был определен в результате исследования 
комплексной диэлектрической проницаемости. 

Синтез новых халькогенидных соединений при катионном замещении марганца гадолинием в системах MnS 
и MnSe позволит выяснить влияние анионной системы в результате исследования его диэлектрических свойств  
с концентрацией в области протекания ионов гадолиния по решетке x ≤ 0,2. 

Диэлектрические потери описываются в модели Дебая с замерзанием дипольных моментов и в модели  
орбитально-зарядового упорядочения.  

 
Ключевые слова: твердые растворы, электроемкость, диэлектрическая проницаемость, магнитоемкост-

ный эффект. 
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Introduction. Materials in which the interrelation of 
magnetic and electrical properties manifests itself [1], that 
is, magnetoelectrics and multiferroics, [2] are of interest 
both from the fundamental and from the applied point of 
view. Particular attention is attracted to materials that 
exhibit magnetoelectric properties at room and higher 
temperatures in connection with practical applications in 
microelectronics for recording and storing information. 
Such studied materials include bismuth ferrite BiFeO3 [3]. 
The giant magneto-capacitance effect was observed in 
LuFe2O4 [4] at room temperature and is explained by the 
charge fluctuation with different spin in Fe2+ and Fe3+ 
ions as a result of removing the degeneracy between two 
types of charge order by an external magnetic field. The 
dependence of the orbital magnetic moments on the polar 
distortions induced by the electric field gives an “ion-
orbit” contribution to the magnetoelectric response [5]. 

At a high level of doping, an orbitally disordered state 
may arise, which is energetically favorable in comparison 
with antiferroorbital ordering due to a decrease in the  
kinetic energy. Analogously to disordered spin systems, 
when ferromagnetic polarons exist in the paramagnetic 
region [6], in the high-temperature range, the orbital polarons 
contribute to the kinetic properties of such systems [7]. 
The shape of the orbital polarons depends on the configura-
tion of the electronic orbitals. In the presence of an orbital 
magnetic moment, for example, for electrons in t2g-states, 
the orbital polarons have a magnetic moment. In this case, 
the energy of the orbital polaron depends on the direction 
and magnitude of the external magnetic field. The anisot-
ropy of the electron density distribution in the lattice leads 
to anisotropy of the dielectric permittivity, which can  
be controlled by a magnetic field. 

In electrically non-uniform systems, the Maxwell–
Wagner effect [8] and contact effects can lead to giant 
values of dielectric permittivity and dielectric relaxation 
in the absence of dipole relaxation [9]. The Maxwell-
Wagner effect can also induce magneto-capacitance in the 
absence of interaction between the magnetic and electrical 
subsystems, provided the magnetoresistance exists in the 
material [10]. Such effects clearly demonstrate that the 
presence of magneto-capacitance is not sufficient to clas-
sify these compounds as multiferroics. On the other hand, 
the magneto-capacitance without a magnetoelectric cou-
pling can be more practical for technological applications 
as the existence of a long-range magnetic order is not 
required. 

An electrically non-uniform system with orbital de-
generacy is obtained by replacing divalent manganese 
ions with trivalent gadolinium ions. Thus, the starting 
compounds of manganese selenide and gadolinium se-
lenide are, respectively, a semiconductor and a degenerate 
semimetal whose electrical resistance is 106–109 times 
different from each other [11]. Gadolinium selenide and 
manganese selenide have an antiferromagnetic structure 
of the second ordering type with Neel temperature TN =  
= 63 K [12] and TN = 137 K [13]. The spin-orbit and the 
Jahn-Teller interaction remove the degeneracy of the t2g 
electronic states and induce splitting of the electron spin 
excitation spectrum. As a result, dielectric properties can 
be controlled by electric and magnetic fields. 

The aim of this paper is to establish the role of anions 
and the effect of cation substitution on the magnetoelec-
tric coupling in orbital-degenerate electronic states in 
GdxMn1–xA solid solutions (A = S, Se). 

Experimental results and their discussion. Synthesis 
of solid solutions GdxMn1–xA (A = S, Se) and their certifi-
cation were described in detail earlier in [14]. The magneto-
capacitance effect δεH = (ε(H,T) – ε (0, T)) / ε (0, T)) is 
determined by the investigation of the complex dielectric 
permittivity. The spectral and temperature dependences of 
dielectric constants can be used to detect the dipole elec-
tric moment and to determine its characteristics, even 
when it is a question of a local dipole moment in small 
clusters without the presence of long-range order. Dielec-
tric properties also reflect the information about charge 
transport and charge ordering processes. The response of 
the dielectric properties to the action of the magnetic field 
will make it possible to determine the basic mechanisms 
that determine the behavior of the dielectric and electric 
transport properties.  

The capacitance and tangent of the dielectric loss  
angle (tg δ) were measured on the AM-3028 component 
analyzer in the temperature range 90–450 K without  
a magnetic field and in the magnetic field H = 8.6 kOe. 
The magnetic field was applied parallel to the plates of  
a flat capacitor. Fig. 1 shows the temperature dependences 
of the real Re (ε) and imaginary Im (ε) = tg δRe (ε) parts 
of the dielectric constant of the sample Gd0.04Mn0.96S. 
Heating the sample causes a sharp increase in dielectric 
losses, the imaginary part of the dielectric constant  
increases threefold, and the imaginary part increases by 5 % 
at T = 102 K. As the temperature increases, the dielectric 
constant gradually increases and decreases sharply at T = 
= 172 K with a slight increase. The change in the permit-
tivity Gd0.04Mn0.96S within one percent in the magnetic 
field was not detected. A sharp change in the dielectric 
permittivity is due to structural distortions of the lattice 
from the cubic to the rhombohedral structure observed  
in the non-stoichiometric manganese sulfide at T = 168 K. 

Fig. 2 shows the temperature dependences of the real 
Re (ε) and imaginary Im (ε) = tg δRe (ε) parts of the  
dielectric permittivity of the sample Gd0.05Mn0.95Se. In the 
temperature range 220–330 K, the real part of the dielec-
tric permittivity increases twofold and shifts with increas-
ing frequency towards higher temperatures. The tempera-
ture of the maximum of the dielectric losses increases 
with increasing frequency and is described by a nonlinear 
function of the logarithm of frequency. The frequency 
dependence of the complex dielectric permittivity does 
not correspond to the Debye and Cole-Cole models, 
which describe the dielectric properties of homogeneous 
systems with the exponential dependence of the relaxation 
of the polarization parameter. 

The frequency of the dielectric relaxation corresponding 
to the maximum of Im (ε) has an activation character and 
is well described by the function lnω = A exp (–∆E/kT) 
(fig. 2, b), where the activation energy ∆E = 0.051 eV and 
the exponential satisfies the condition exp (–ΔE / kT) << 1 
at T < 350 K. Below this temperature, the relaxation  
frequency and time (τ) can be represented as: 
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Fig. 1. Real (a) and imaginary (b) components of the dielectric permittivity  
for sample Gd0.04Mn0.96S at the frequency of 10 kHz from the temperature 

 
Рис. 1. Реальная (а) и мнимая (b) компоненты диэлектрической проницаемости  

для образца Gd0,04Mn0,96S на частоте 10 кГц от температуры 
 

 
 

Fig. 2. Real Re (ε) (a, b) and imaginary Im (ε) (c, d) (c, d) components of the dielectric  
permittivity of the sample Gd0.05Mn0.95Se in the magnetic field H = 0 (1, 3, 5), H = 8 kOe 
(2, 4, 6) at frequencies ω = 5, 50, 300 kHz (a, c), ω = 1, 100 kHz (b, d) from the temperature  
 
Рис. 2. Реальная Re(ε) (a, б) и мнимая Im(ε) (в, г) компоненты диэлектрической про-
ницаемости образца Gd0,05Mn0,95Sе в магнитном поле H = 0 (1, 3, 5), Н = 8 кЭ  
 

(2, 4, 6) на частотах ω = 5, 50, 300 кГц (a, в), ω = 1, 100 кГц (б, г) от температуры 
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Fig. 3. Magnet capacity δε Gd0.05Mn0.95Sе at frequencies ω = 1, 5, 
50, 100, 300 kHz in the magnetic field H = 8 kOe for the composi-
tion with x = 0.05 of the temperature (a); logarithm of the relaxa-
tion frequency from the reciprocal temperature without a field (1) 
and in the magnetic field H = 8 kOe (2), adjustment function (1) 
(left axis) (b). The maximum of Im(ε) as a function of tempera-
ture. Adjustment functions Im(ε)max = ANpe + BNph (dashed line)  
 

(right axis) 
 
Рис. 3. Магнитоемкость δε Gd0,05Mn0,95Sе на частотах ω = 1, 5, 
50, 100, 300 кГц в магнитном поле Н = 8 кЭ для состава  
с х = 0,05 от температуры (а); логарифм частоты релаксации 
от обратной температуры без поля (1) и в магнитном поле Н = 
= 8 кЭ (2), подгоночная функция (1) (левая ось) (б). Максимум 
Im(ε) от температуры. Подгоночные функции Im(ε)max = ANpe +  
 

+ BNph (пунктирная линия) (правая ось) 
 
The activation energy in formula (1) corresponds to 

the polaron energy (εp) relative to the chemical potential 
(μ), –ΔE = εp – μ < 0. The relaxation time is proportional 
to the polaron density τ ∞ Np. If the polaron energy  
exceeds the chemical potential εp > μ, then this is a pola-
ron of the hole type Nph = A / (1 + exp (ΔE / kT)). The 
imaginary component of the dielectric permittivity, due to 
scattering of polarons by optical phonons, is proportional 
to Im (ε)max ∞ (Npe + Nph). The maxima of the dielectric 
losses increase with increasing frequency and temperature 
without a magnetic field and smoothly decrease in the 
magnetic field (fig. 3, b) as a result of the restructuring of 
the electronic structure in a magnetic field. So in the zero 

field, the spectral weight of polarons with a hole-type 
conductivity with the ratio Nph / Npe = 5.5 prevails, and  
in a magnetic field – the spectral weight of polarons with 
the electron type Npe / Nph = 2.3, which qualitatively  
describes the experimental results (fig. 3, b). 

The temperature at which the dielectric permittivity 
increases sharply and the maximum of the dielectric 
losses is observed, shifts to high temperature area in  
a magnetic field. The activation energy increases by 5 % 
in a magnetic field of 8 kOe. The magneto-capacity δε = 
= (ε (H) – ε (0)) / ε (0) for the composition with х = 0.05 is 
presented in fig. 3, a. When heated, the magneto-capacity 
changes sign and decreases with increasing frequency. 
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Having divided all the charge carriers into two groups – 
bound and free charges, we can write the dielectric permit-
tivity of the medium as the sum of the dielectric permittiv-
ity of the “lattice” and the contribution of free carriers. Out-
side the absorption bands, the imaginary part of the permit-
tivity of bound charges (lattices) is usually neglected. The 
ensemble of carriers was considered as a sum of particles 
that do not interact with one another. In semiconductors 
with electron doping, the electrons are delocalized in a cer-
tain region and the delocalization radius increases with 
increasing temperature. We represent the functional depend-
ence in the form of a correlation radius ξ = A / (1 – Tc / T), 
where Tc is the temperature of charge ordering of electrons 
in t2g orbitals. Localized electrons induce local ion dis-
placements and lead to local polarization with an effective 
dipole moment, whose dynamic susceptibility is described 
in the Debye model. 

With decreasing temperature at Tg as a result of the in-
teraction between dipoles through the lattice, local dipoles 

“freeze”. The relaxation time of dipoles is described by the 
Arrhenius function: τg = τ0exp (ΔE / kT), where ΔE is the 
activation energy. The dielectric susceptibility can be writ-
ten as: 

 Re(χ)/N = χL0 + χ0 /(1 + (ωτg)
2) + В/(1 – Tc/T), (2) 

Im(χ)/N = χ0ωτg /(1 + (ωτg)
2) + χ0ωτc /(1 + (ωτc)

2), 

where χL0 is the temperature-independent contribution  
to the susceptibility; χ0 is the static susceptibility of the 
dipoles; B is the constant; τg is the relaxation time of the 
dipoles at the freezing point; τc is the relaxation time of 
the electric charges upon transition to the orbital charge 
ordering, τc = A / χz = A / (1 – Tc / T)zν, where z is the  
dynamic index, and ν is the index of the correlation radius 
(ν = 1). The contribution of free charge carriers is ne-
glected, since the value of σIm of conductivity is several 
orders of magnitude greater than the conductivity at con-
stant current. 

 

 
 

Fig. 4. Imaginary part of the dielectric permittivity (a) of a 
solid solution Gd0.2Mn0.8S, measured at a frequency of 10 kHz, 
without a field (1) and in the magnetic field H = 8 kOe (2) as  
a function of temperature. Adjustment function (1b) with acti-
vation energy of 900 К (3), 1050 (4), zv = 2 (a). Relative 
change of the imaginary part of the dielectric permittivity  
 

in a magnetic field from the temperature (b) 
 
Рис. 4. Мнимая часть диэлектрической проницаемости (а) 
твердого раствора Gd0,2Mn0,8S, измеренной на частоте 10 кГц, 
без поля (1) и в магнитном поле Н = 8 кЭ (2) от темпера-
туры. Подгоночная функция (1b) c энергией активации 
900 К (3), 1050 (4), zv = 2 (a). Относительное изменение 
мнимой части диэлектрической проницаемости в магнитном  
 

поле от температуры (б) 
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Fig. 5. The real part of the dielectric permittivity (a) of a solid 
solution Gd0.2Mn0.8S, measured at the frequency of 10 kHz 
without a field (1) and in the magnetic field H = 8 kOe (2) as  
a function of temperature. Adjustment function (1a) with acti-
vation energy of 900 К (3), 1050 (4), zv = 2 (a). The magnetic  
 

capacity in a magnetic field is H = 8 kOe of temperature (b) 
 
Рис. 5. Реальная часть диэлектрической проницаемости 
(а) твердого раствора Gd0,2Mn0,8S, измеренной на частоте 
10 кГц без поля (1) и в магнитном поле Н = 8кЭ (2)  
от температуры. Подгоночная функция (1a) c энергией  
активации 900 К (3), 1050 (4), zv = 2 (a). Магнитоемкость  
 

в магнитном поле H = 8 кЭ температуры (б) 
 

When the concentration of gadolinium ions exceeds 
the concentration of percolation xc = 0.16, the resistance 
varies within one order and has a minimum at T = 325 K 
in the temperature range 100 K < T < 500 K in a solid 
solution GdxMn1–xS. In a magnetic field, the resistance 
also increases and the minimum in the temperature de-
pendence shifts toward high temperatures to T = 380 K. 
The temperature dependence of the magnetoresistance 
changes sign from positive to negative at T = 320 K and 
disappears at the temperature of 475 K. In this solid solu-
tion, there are two conduction channels for gadolinium 
ions and for the interface of Mn–Gd ions. Therefore, the 
electronic contribution to the susceptibility should be taken 
into account. 

Regardless of the type (electrons or holes), free charge 
carriers reduce the real part of the dielectric permittivity. 
This decrease becomes more significant with increasing 
the concentration and decreasing effective mass of charge 
carriers. The decrease in the dielectric permittivity by free 
charge carriers is associated with their inductive contribu-

tion to the result of the interaction of the alternating field 
with matter. 

For the composition Gd0.2Mn0.8S, the dielectric per-
mittivity is due to localized electrons in the sublattice of 
manganese ions and conduction electrons in the gado-
linene subsystem. Conductivity at constant current varies 
by a factor of three, and the imaginary part of the dielec-
tric susceptibility changes by an order of magnitude in the 
temperature interval 100–400 K (fig. 4). The temperature 
dependence of Im (ε (ω)) has two maxima at T = 170 K 
and T = 442 K. In the magnetic field H = 8 kOe, the  
low-temperature peak shifts toward high temperatures to 
T = 170 K (fig. 4). Dielectric losses decrease in a mag-
netic field, except for the temperature range 194–279 K 
and in 417–451 K (fig. 4). The low-temperature maximum 
in the dielectric permittivity at T = 170 K is described  
in the localized electron (2) model with the freezing of 
dipole moments with an activation energy ΔE = 800 K 
without a magnetic field and in the magnetic field  
ΔE = 1000 K. The adjustment function describes the  
experimental data in fig. 4. 
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Fig. 6. Real Re (ε) (a, b) and imaginary Im (ε) (c, d) parts of the dielectric permittivity of the 
sample Gd0.2Mn0.8Se without a field (1, 3, 5) and in the magnetic field H = 8 kOe (2, 4, 6)  
 

at frequencies ω = 5, 50, 300 kHz (a, c), ω = 1, 10, 100 kHz (b, d) as a function of temperature 
 
Рис. 6. Реальная Re(ε) (a, б) и мнимая Im(ε) (в, г) части диэлектрической проницаемости 
образца Gd0.2Mn0.8Sе без поля (1, 3, 5) и в магнитном поле Н = 8 кЭ (2, 4, 6)  
 

на частотах ω = 5, 50, 300 кГц (a, в), ω = 1, 10, 100 кГц (б, г) от температуры 
 

 

 
 

Fig. 7. The magnetic capacity δε Gd0.2Mn0.8Se at the frequencies  
ω = 1(1), 5(2), 10(3), 50(4), 100(5), 300 (6) kHz in the magnetic  
 

field H = 8 kOe for a composition with x = 0.2 of temperature 
 
Рис. 7. Магнитоемкость δε Gd0,2Mn0,8Se на частотах ω = 1(1), 
5(2), 10(3), 50(4), 100(5), 300(6) кГц в магнитном поле Н = 8 кЭ  
 

для состава с х = 0,2 от температуры 
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This maximum can be associated either with the reori-
entation of electric dipoles, or with charge transfer be-
tween the nonequivalent positions in the crystal lattice of 
the material, which in a sense is equivalent to the reorien-
tation of electric dipoles. The growth of the magnetoresis-
tance in Gd0.2Mn0.8S [15] in a magnetic field disproves the 
version associated with charge transfer. The decrease of 
dielectric losses in a magnetic field is associated with 
redistribution of the electron density over t2g orbitals, for 
example, between dzx dzy, which is equivalent to the rota-
tion of an electric dipole. Partial ordering of the dipoles 
will lead to an increase in polarization. The position of the 
anomaly in the dielectric permittivity is due to the charac-
teristic relaxation time of the considered subsystem. 

The imaginary part of the dielectric permittivity  
is shown in fig. 5. In the temperature range (130–210) K,  
a sharp increase in the dielectric permittivity is observed. 
In the magnetic field H = 8 kOe, Re (ε (ω)) increases and 
the relative change in permittivity δεH = (ε (H, T) –  
– ε (0, T)) / ε (0, T)) reaches the maximum of 6 % at  
T = 184 K. A sharp decrease in permittivity with decreasing 
temperature is also described in the model of freezing of 
dipole moments with an activation energy ΔE = 800–1000 K. 

As the concentration of gadolinium ions increases, the 
dispersion of inhomogeneous electronic states and local 
magnetic fields increases too. The temperature range of 
the dielectric losses increases for the composition with  
x = 0.2 (fig. 6), the temperatures of the maxima of the 
imaginary part of the dielectric permittivity practically  
do not shift in the magnetic field, and the dielectric loss 
increases (fig. 6). In a magnetic field, the dielectric per-
mittivity increases more sharply (fig. 6), as a result of 
which the magneto-capacity changes its sign from a nega-
tive value 5–7 % to a positive 4–5 % in the temperature 
range 140–400 K (fig. 7). 

The temperatures of the maxima of dielectric losses 
increase within one percent in a magnetic field and  
increase with increasing frequency. The relaxation fre-
quency is described by the exponential dependence (1) 
with the activation energy ΔE = 0.035 eV. The dielectric 
losses are due to the scattering of hole type polarons. 

Conclusion. For the composition Gd0.04Mn0.96S, a 
sharp abrupt decrease in the dielectric permittivity at low 
temperatures is found, which is associated with lattice 
structural distortion. As the concentration of gadolinium 
ions increases, the low-temperature maximum of the 
imaginary dielectric permittivity increases too and shifts 
to high temperatures, just as in a magnetic field. In solid 
solutions GdxMn1–xSe, the magneto-capacitance effect 
was observed at temperatures several times higher than 
the Neel temperature, with a change in sign with respect 
to temperature. The logarithm of the relaxation frequency 
of dielectric losses exponentially increases with heating 
and depends on the magnetic field. 

The decrease in dielectric losses in a magnetic field is 
caused by the redistribution of localized electrons by t2g, 
and by the shift in the energy of the electron density 
maximum relative to the chemical potential, which leads 
to an increase in the activation energy. These results are 
well described in the Debye model with the freezing of 
dipole moments. The increase in the dielectric permittiv-
ity above room temperature is caused by an increase in 

the electron delocalization radius and the disappearance 
of the orbital-charge ordering. Delocalization of electrons 
and the transition to the band type conductivity leads to a 
positive magneto-capacity as a result of Maxwell–Wagner 
effect. 
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В настоящее время среди наиболее актуальных проблем в системе ценообразования в строительной  

отрасли является устаревшая база сметных норм и расценок. Как частные инвесторы, так и государство, 
являющиеся заказчиками строительных работ, заинтересованы в определении достоверной стоимости проекта 
при подготовке сметной документации. Ведь в условиях экономической нестабильности для строительных 
компаний и отрасли в целом ключевым моментом развития является снижение себестоимости строительной 
продукции. Рассмотрены основные проблемы нормирования и определения стоимости основных ресурсов 
строительства, а также сформулированы задачи реформирования действующей базы сметных нормативов. 
По результатам проведения хронометражных работ разработаны нормы и расценки на строительные рабо-
ты по современным технологиям. Доказана необходимость актуализации базы и переход на ресурсный метод 
сметного ценообразования. 
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Currently, among the most pressing problems in the system of pricing in the construction industry is the outdated 
base of estimates and rates. Both private investors and the state, that are the customers of construction works, are in-
terested in determining the reliable cost of the project when preparing the estimate documentation. After all, in the con-
ditions of economic instability for construction companies and the industry as a whole, the key point of development is 
the reduction of the cost of construction products. The main problems of rationing and determination of the cost of the 
basic construction resources are considered in the article, and the tasks of reforming the existing database of estimated 
standards are formulated. Based on the results of timekeeping, standards and quotations for construction work on mod-
ern technologies have been developed. The necessity of actualization of the base and transition to the resource method 
of the estimated pricing is proved. 

 
Keywords: investment and construction project, estimated cost of construction, estimated norms and prices, cost  

of resources in construction, resource method for estimating the estimated cost, timing of construction processes. 
 
Введение. Ценообразование на строительную 

продукцию всегда являлось важным элементом  
эффективного управления инвестиционным проектом. 
От того, насколько точно составлена смета, в первую 
очередь зависит конечный срок реализации проекта и 
его экономическая эффективность. Так, по разным 

оценкам, вовремя и в рамках бюджета завершаются 
только 40–50 % проектов в мире [1]. Известны даже 
случаи, когда первоначальная смета проекта превы-
шалась более чем в 10–15 раз [2]. Особенно это ста-
новится актуальным в условиях экономического кри-
зиса, когда практически все предприятия меняют 
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стиль ценообразования на свою продукцию: если  
в период подъема цены диктует рынок, то во времена 
спада топ-менеджмент сталкивается с проблемой  
более точного определения и возможного снижения 
нижней границы цены–себестоимости.  

Этот принцип полностью применим и к строи-
тельному рынку, который, обладая, с одной стороны, 
некоторой неэластичностью, всегда является точным 
отражением экономической ситуации в стране. Данную 
закономерность легко можно проследить при анализе 
статистических данных. Так, даже при незначитель-
ных снижениях значений показателя ВВП в кратко-
срочном периоде наблюдается падение объемов ввода 
жилья в эксплуатацию и снижение инвестиционных 
вложений корпораций (табл. 1).  

В ситуации, когда реальные доходы населения па-
дают уже несколько лет и роста платежеспособного 
спроса на жилье в ближайшее время не ожидается, 
ключевым моментом развития не только отдельных 
строительных компаний, но и отрасли в целом стано-
вится снижение себестоимости строительной продук-
ции [3]. 

Данный процесс возможен только при условии  
постоянного совершенствования системы сметного 
ценообразования, в том числе актуализации сметных 
нормативов в строительстве и создания открытой  
и единой базы сметных расценок на строительную про-
дукцию, включая стоимость на все виды строитель-
ных ресурсов (материалы и изделия; машины и меха-
низмы; трудовые ресурсы строительных рабочих). 

Следует отметить, что метод сметного нормирова-
ния, применяемый в строительной отрасли, имеет 
свои особенности, так как учитывает особенности 
строительной продукции, особенности строительного 
производства и особенности взаимодействия различ-
ных участников инвестиционно-строительного ком-
плекса, которые необходимо учитывать в ходе совер-
шенствования действующей системы ценообразования, 
которая в настоящий момент представляет сочетание 
методик, методов, сметных норм, цен и расценок. 

Сметное нормирование, применяющееся в дея-
тельности инвестиционно-строительного комплекса, 
является важным инструментом, позволяющим обес-
печить эффективность использования денежных средств, 
что особенно актуально в вопросах, связанных  

с бюджетным финансированием проектов. В этой свя-
зи исследования, направленные на совершенствование 
действующей системы ценообразования в строитель-
стве, представляются весьма актуальными.  

Обзор актуальных проблем системы сметного 
ценообразования. Многие специалисты в области 
ценообразования и сметного нормирования в России 
отмечают, что действующая в настоящий момент 
сметно-нормативная база далека от идеальной,  
несмотря на долгую историю и постоянное реформи-
рование, она до сих пор основана на нормах, созданных 
еще в середине прошлого века, хоть и с некоторыми 
доработками.  

Проведенный нами анализ сложившейся ситуации 
позволил выделить в сметном деле три существенные 
проблемы, оказывающие негативное влияние на точ-
ность определения стоимости строительства. 

1. Нет единой базы стоимости работ. Укрупненная 
схема системы сметного ценообразования РФ приведена 
на рис. 1. Основой всех сметных расчетов в строи-
тельстве являются элементные сметные нормы – нор-
мы расхода основных видов ресурсов при выполне-
нии конкретных строительных работ. В настоящее 
время разработаны нормы на общестроительные ра-
боты, ремонтно-строительные, монтажные и пускона-
ладочные работы. И уже на основании утвержденных 
норм рассчитывается величина единичной расценки 
(федеральной или территориальной), при этом феде-
ральные расценки применяются для строительных 
проектов, расположенных на территории Москвы  
и Московской области, а также проектов, финанси-
руемых за счет федерального бюджета. Стоимость 
других строительных проектов должна рассчитывать-
ся на основании местных территориальных расценок. 

При рассмотрении действующей сметно-нормативной 
базы на федеральном и территориальных уровнях 
можно увидеть наличие следующих вариантов моди-
фикации сметно-нормативной базы 2001 г.: это ре-
дакции 2001, 2008 и 2009 гг. К примеру, нормативная 
база 2008 г. является обязательной только при опре-
делении сметной стоимости строительства, осуществ-
ляемого по государственному заказу. При строитель-
стве за счёт средств частных инвесторов стоимость 
может определяться по любым сметным нормати-
вам. 

 
Таблица 1 

Динамика основных экономических показателей в РФ 
 

Год 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 

ВВП,  
млрд руб. 41276 38807 46308 60282 68163 73133 79199 83387 85917 92081 

ВВП  
в физическом 
объеме, % 

105,2 92,2 104,5 104,3 103,7 101,8 100,7 97,5 99,8 101,5 

Динамика 
реальных  
доходов  

населения, % 

102,4 103,0 105,9 100,5 104,6 104,0 99,3 96,8 94,2 – 

Ввод  
в действие 

жилья, млн м2 
79,2 72,5 70,3 77,2 82,0 87,1 104,4 106,2 103,4 103,5 
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Рис. 1. Сметно-нормативная база в Российской Федерации 
 

Fig. 1. Estimated and regulatory base in the Russian Federation 
 

Это приводит к новым проблемам в вопросах 
формирования стоимости на продукцию строительст-
ва и возникновению разногласий между участниками 
инвестиционно-строительного комплекса [4].  

Разнообразие различных сметно-нормативных баз 
приводит к тому, что стоимость строительства одного 
и того же объекта, в зависимости от источника финан-
сирования (а заодно и применимой базы расценок), 
может отличаться в разы, что является крайне нело-
гичным и, следовательно, не отражает реальную 
стоимость строительной продукции. 

2. Устаревший метод ценообразования. Основной 
метод, применяемый в сметном ценообразовании  
в настоящее время, – базисно-индексный. То есть при 
определении стоимости строительно-монтажных  
работ (СМР) используются цены базисного года 
(2000–2001 гг.), которые увеличиваются в соответст-
вии с утвержденными индексами изменения стоимо-
сти СМР. По этой причине рассчитанная на основе 
данной системы стоимость строительно-монтажных 
работ часто не отражает действительность. На прак-
тике используемые технологии заменяют на наиболее 
близкие, а стоимость материалов принимают по прай-
сам подрядчика, что, с одной стороны, невозможно 
проверить, а с другой – практически всегда ведет  
к удорожанию работ.  

Стоит отметить, что в последнее время все же  
наметился тренд использования ресурсного метода  
и разработки так называемых открытых расценок, 
которые только предполагают наличие ряда материа-
лов, но не включают в себя их стоимость. Такие рас-
ценки дают возможность сметчикам вносить в расчет 
именно те ресурсы, которые определены проектом,  
и по их текущей стоимости, что, конечно, увеличивает 
точность расчетов. Но относительное количество  
открытых расценок в базе еще очень мало, чтобы сде-
лать их применение повсеместным. 

3. База стоимости строительных работ морально 
устарела. В базе присутствуют не все современные 

технологии, и тем более не все строительные мате-
риалы и изделия. Это произошло по той причине, что 
в ходе реформирования вместо работы по формиро-
ванию нормативов на новые технологии и обновле-
нию старых нормативов, ограничились арифметиче-
ским пересчётом норм и расценок. 

В результате основная часть расценок, присутст-
вующих в базе, основана на принципах определения 
сметных затрат на строительство по старой админист-
ративной схеме [5], на основе устаревших технологи-
ческих решений по организации работ [6], а также  
с использованием материалов, которые в настоящее 
время заменены более технологичными и эффектив-
ными. Все это вместе требует кардинального рефор-
мирования системы сметного нормирования в строи-
тельстве [7]. 

По причине такого морального устаревания базы 
норм и расценок у многих строительных компаний 
появляется необходимость самостоятельной разра-
ботки расценок на виды строительных работ, которые 
они часто применяют: организации, работающие  
по госзаказу, – федеральные расценки, а остальные – 
отраслевые и корпоративные. Однако не все компа-
нии могут себе позволить каждый раз разрабатывать 
новые расценки, особенно в период кризиса, поэтому 
проблема морального устаревания базы практически 
является нерешаемой без государственного вмеша-
тельства.  

Основные проблемы сметного ценообразования  
и возможные пути их решения приведены на рис. 2. 

Нельзя не замечать эти существующие проблемы 
определения стоимости строительства на разных  
этапах строительного производства для различных 
участников инвестиционно-строительного комплекса. 
Приведение сметно-нормативной базы к реалиям  
сегодняшнего дня (использование новых материалов, 
технологий и методов строительства) является  
насущной проблемой всего строительного комплекса.  
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Рис. 2. Основные проблемы системы сметного ценообразования 
 

Fig. 2. The main problems of the budget pricing system 
 

В соответствии с Федеральным законом № 369-ФЗ 
от 03.07.2016 г. [8] была создана федеральная госу-
дарственная информационная система ценообразова-
ния в строительстве, которая предоставляет возмож-
ность доступа к системе сметных норм, расценок  
и стоимости строительных ресурсов всех участников 
инвестиционно-строительного процесса в сети Ин-
тернет [9]. Однако на сегодняшний момент такая база 
хоть и включает в себя актуальные цены на строи-
тельные ресурсы, остается основанной на нормативах 
затрат труда и ресурсов, разработанных еще в про-
шлом веке. Это, несомненно, может свести все поло-
жительные моменты реформы на нет. 

Поэтому важной составляющей реформы ценооб-
разования является разработка и утверждение норма-
тивов на новые, современные технологии строитель-
ных работ, по которым отсутствуют государственные 
сметные нормы, а также актуализация существующих 
норм и расценок.  

Только имея полную базу стоимости ресурсов  
и нормативов работ, которая должна обновляться  
постоянно, можно говорить о переходе к адекватной, 
современной и точной системе ценообразования.  

Опыт разработки сметных норм и расценок  
на строительные работы. Единственным решением 
указанных проблем и повышения точности сметного 
ценообразования является разработка норм и расце-
нок (желательно открытых) на отсутствующие в базе 
строительные работы, а также актуализация сущест-
вующих [10].  

В рамках данной работы были разработаны смет-
ные нормы и единичные расценки на 4 вида строи-
тельных работ – три из них отсутствовали в базе,  
а четвертый был актуализирован. В качестве примера 
для описания процесса разработки была взята работа 
по устройству наливного пола типа «Полиплан 1001». 

Методические рекомендации по разработке госу-
дарственных элементных сметных норм на строи-

тельные, специальные строительные и ремонтно-
строительные работы определяют единые правила  
в ходе разработки государственных элементных смет-
ных норм на строительные, специальные строитель-
ные и ремонтно-строительные работы.  

Основной задачей государственных элементных 
сметных норм является определение состава и потреб-
ности в строительных ресурсах, которые необходимы 
для реализации строительных, специальных строи-
тельных и ремонтно-строительных работ. 

Государственные элементные сметные нормы 
включают в себя современные и рациональные методы, 
технологию и организацию строительной деятельно-
сти. Сметные нормы основываются на применении 
более производительных машин и на использовании 
высококачественных строительных материалов, кон-
струкций и изделий, которые впоследствии обеспечат 
безопасность и будут отвечать потребительским  
требованиям. 

Государственные элементные сметные нормы соз-
даются исходя из условий выполнения строительных, 
специальных строительных и ремонтно-строительных 
работ с использованием строительных машин и мате-
риальных ресурсов, произведённых на территории 
страны. 

Разработка государственных сметных норм проис-
ходит с учётом того, что работы производятся в нор-
мальных условиях, не осложнённых внешними  
факторами, и при положительной температуре воздуха. 
Усложняющими факторами принимают стеснённость, 
загазованность, работу вблизи действующего обору-
дования, в районах со специфическими условиями 
(высокогорье и др.), предусмотренными проектом,  
а также другие более сложные производственные  
условия. 

Государственные элементные сметные нормы 
включают количественные показатели расхода строи-
тельных ресурсов: 
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 затраты труда рабочих-строителей в человеко-
часах (чел. ч); 

 время эксплуатации машин и механизмов в ма-
шино-часах (маш. ч); 

 расход материалов, изделий, конструкций в физи-
ческих (натуральных) единицах измерения. 

Разработка государственных элементных сметных 
норм – ГЭСН (ГЭСНр) состоит из следующих ключе-
вых этапов: 

1) сбор и подготовка исходных данных и норма-
тивной базы; 

2) формирование списка рабочих операций и под-
счет объемов работ на принятый измеритель техноло-
гического процесса; 

3) составление калькуляции затрат строительных 
ресурсов на принятый измеритель технологического 
процесса; 

4) формирование сводок (выборок) строительных 
ресурсов из калькуляции затрат строительных ресур-
сов на измеритель элементных сметных норм; 

5) составление таблиц ГЭСН (ГЭСНр) по установ-
ленной форме с кодированием строительных ресурсов; 

6) формирование проекта ГЭСН (ГЭСНр), комплек-
тование обосновывающих материалов, необходимых 
для представления проекта ГЭСН (ГЭСНр) на утвер-
ждение. 

Сбор и подготовка исходных данных для разра-
ботки государственных элементных сметных норм 
осуществляется следующим образом: 

 уточняются характерные особенности конст-
рукций, сооружений и видов работ, подлежащих нор-
мированию; 

 анализируются действующие ГЭСН (ГЭСНр)  
на предмет наличия (отсутствия) сметных норм  
на аналогичные виды работ и конструкций; 

 определяется необходимый состав исходных 
данных. 

Чёткий перечень исходных данных составляется  
с учётом специфики работ, особенностей строительных 
конструкций и технологии производства соответст-
вующих видов работ. 

В структуру нормативной базы для разработки  
государственных элементных сметных норм входят: 

 правила и требования по проектированию, орга-
низации, производству и приемке работ, установлен-
ные действующими нормативными документами  
по указанным вопросам; 

 Единый тарифно-квалификационный справоч-
ник работ и профессий рабочих, профессиональные 
стандарты; 

 единые и ведомственные нормы и расценки  
на строительные, монтажные и ремонтно-строительные 
работы (далее – ЕНиР, ВНиР) 1987 года выпуска  
(с последующими дополнениями), утвержденная  
отраслевая нормативная база по труду (отраслевые 
нормы времени по видам работ); 

 правила разработки норм расхода материалов  
в строительстве; 

 правила разработки и применения нормативов 
трудноустранимых потерь и отходов материалов  
в строительстве. 

После подготовки исходных данных формируется 
перечень рабочих операций, которые входят в струк-
туру технологического процесса, с подсчетом объе-
мов работ на измеритель технологического процесса. 

В качестве измерителей используются единицы 
измерения, характерные для определённого вида  
работ или возводимых конструкций, сложившиеся  
и принятые в практике строительства и не требующие 
сложных расчетов при разработке сметной докумен-
тации. 

После формирования списка рабочих операций  
и объема работ составляется калькуляция затрат 
строительных ресурсов на измеритель технологиче-
ского процесса. В калькуляции затрат строительных 
ресурсов определяются состав и расход следующих 
ресурсов: 

 затраты труда рабочих-строителей, занятых  
непосредственно на выполнении строительных, спе-
циальных строительных и ремонтно-строительных 
работ, внутрипостроечном транспорте, в чел. ч; 

 потребность в машинах и механизмах, используе-
мых непосредственно при выполнении строительных, 
специальных строительных и ремонтно-строительных 
работ, а также на внутрипостроечном транспорте,  
в маш. ч; 

 расход материальных ресурсов в принятых  
натуральных (физических) единицах измерения. 

Нормы затрат труда рабочих-строителей при раз-
работке государственных элементных сметных норм 
определяются на основании действующей норматив-
ной базы по труду (сборники ЕНиР и ВНиР, утвер-
жденная отраслевая нормативная база по труду) и при 
помощи методов технического нормирования.  

Нормы затрат труда, приведенные в сборниках 
ЕНиР и ВНиР, в утвержденной отраслевой норматив-
ной базе по труду используют только в тех случаях, 
когда рассчитанная в них методика осуществляемых 
работ, а также численно-квалификационный состав 
звена исполнителей являются соответствующими для 
вида работ, на который создается государственная 
элементная сметная норма. 

Потребность в материальных ресурсах определяется 
на основании действующих сборников нормативных 
показателей расхода материалов на основные виды 
строительных и специальных строительных работ. 

При отсутствии соответствующих норм расхода 
строительных материалов необходимое количество 
материальных ресурсов для выполнения определён-
ного вида работ (рабочей операции) определяется  
по имеющимся исходным данным: рабочим черте-
жам, спецификациям, технологическим картам и т. п. 
В случае, когда исходных данных недостаточно, нормы 
расхода материальных ресурсов определяются мето-
дами технического нормирования с учетом правил 
разработки норм расхода материалов в строительстве. 

Затраты, возникающие в связи с доставкой мате-
риалов от места их приобретения до приобъектного 
склада (включая выгрузку на приобъектном складе),  
в состав элементных сметных норм не включаются. 
Порядок определения указанных затрат устанавли- 
вается соответствующими нормативно-методическими 
документами.  
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На основании сводок затрат труда рабочих-
строителей, потребности в строительных машинах, 
механизмах и затратах труда машинистов, расхода 
материальных ресурсов формируется элементная 
сметная норма. 

Элементные сметные нормы на однородные виды 
строительных, специальных строительных, ремонтно-
строительных работ или конструкций, отличающихся 
отдельными характеристиками, объединяются в таб-
лицы ГЭСН. В таблицы ГЭСН (ГЭСНр) включаются: 

 названия и технические характеристики норм; 
 список работ, включающий полный перечень 

всех работ; 
 измерители норм; 
 средний разряд работы; 
 показатели норм по элементам затрат (строи-

тельным ресурсам). 
Каждому виду элементов затрат присваивается 

свой определённый код, соответствующий Классифи-
катору строительных ресурсов. Если же такого номе-
ра не оказывается на отдельные ресурсы, то вместо 
него вписывают временное обозначение. Централизо-
ванно уполномоченная организация присваивает шифр 
таблицам государственных элементных сметных норм. 

Полное обозначение государственной элементной 
сметной нормы (шифр) имеет следующую структуру: 

XX-XX-XXX-XX, 

где 1-й и 2-й знаки – номер сборника; 3-й и 4-й знаки – 
номер раздела сборника; 5-й, 6-й и 7-й знаки – номер 
таблицы раздела; 8-й и 9-й знаки – порядковый номер 
нормы в таблице. 

С целью единого порядка разработки и подготовки 
к использованию и обработки в специализированных 
программах для составления сметных документаций 
на строительные, специальные строительные,  
ремонтно-строительные работы, монтаж оборудования и 
пусконаладочные работы организациями-разработчиками 
используются методические указания для определе-
ния единого порядка разработки и оформления еди-
ничных расценок (ЕР).  

Единичные расценки базируются на основе ГЭСН 
на строительные, специальные строительные, ремонтно-
строительные работы, монтаж оборудования и пуско-
наладочные работы.  

Наименование единичных расценок, их шифры, 
шифры таблиц и единицы расценок должны быть 
полностью аналогичны обозначениям ГЭСН, создан-
ным в соответствии с методическими рекомендациям 
по разработке государственных элементных сметных 
норм. 

Оплата труда рабочих при разработке ЕР опреде-
ляется на основании:  

 показателей трудоемкости (затрат труда в чел. ч) 
соответствующих видов работ, а также среднего раз-
ряда работ (для строительных, специальных строи-
тельных, ремонтно-строительных работ, ремонтно-
строительных работ и монтажа оборудования) и со-
става исполнителей работ (пусконаладочных работ); 
вышеприведенные показатели основываются на соот-
ветствующих ГЭСН, ГЭСНр, ГЭСНм, ГЭСНп; 

 показателей уровня заработной платы рабочих 
(стоимости 1 чел. ч) по каждому субъекту РФ в уров-
не цен на установленную дату. 

Формула расчета размера средств на оплату труда 
рабочих (Зсмр) для включения в ЕР: 

 

 смр
ср З Т З ,   (1) 

 

где Т – затраты труда рабочих, определяемые по со-
ответствующим ГЭСН, ГЭСНр, ГЭСНм, ГЭСНп 
(ОЭСН), чел. ч.; Зср – заработная плата рабочего-
строителя, соответствующая среднему разряду работ, 
установленному ГЭСН, ГЭСНр, ГЭСНм, руб/чел. ч. 

Для расчета показателя Зср применяется следую-
щая формула, исходя из заработной платы труда  
рабочего 1-го разряда и соответствующего тарифного 
коэффициента: 

 смр
ср 1 ТЗ К ,З   (2) 

где З1 – показатель оплаты труда рабочего-строителя 

1-го разряда, руб./чел. ч; смр
ТК  – тарифный коэффи- 

циент среднего разряда работ. 
Размер средств на оплату труда пусконаладочного 

персонала (Зпнр) для включения в единичную расценку 
рассчитывается по формуле 

 

  пнрЗ Т З ,i i   (3) 
 

где Тi – затраты труда каждой категории пусконала-
дочного персонала, определяемые по соответствую-
щим ГЭСНп, чел. ч; Зi – показатель оплаты труда  
каждой соответствующей категории пусконаладочного 
персонала, руб./чел. ч. 

Показатель Зi рассчитывается, исходя из оплаты 
труда рабочего-строителя 1-го разряда и соответст-
вующего тарифного коэффициента, по формуле 

 пнр
1 ТЗ З К ,i    (4) 

где пнр
ТК  – тарифный коэффициент соответствующей 

категории пусконаладочного персонала. 
Порядок определения в единичных расценках 

стоимости эксплуатации машин и механизмов на 
строительные, специальные строительные, ремонтно-
строительные работы и монтаж оборудования осуще-
ствляется на основании:  

 показателей затрат на эксплуатацию соответст-
вующих машин и механизмов, определяемых по ГЭСН, 
маш. ч, на установленный измеритель расценки; 

 сметных цен на эксплуатацию машин и механиз-
мов для соответствующего субъекта РФ, разработан-
ных в уровне цен на установленную дату, руб./маш. ч. 

При расчете стоимости эксплуатации машин (Сэм) 
используется формула  
  эм эмС  Э Ц ,i i   (5) 

где Эi – затраты на эксплуатацию каждой машины, 
принимаемые по соответствующей элементной смет-
ной норме, маш. ч; Цэмi – сметная цена на эксплуата-
цию каждой машины, руб./маш. ч. При этом, в том 
числе приводится показатель оплаты труда машини-
стов, руб./маш. ч. 

Порядок определения в единичных расценках 
стоимости материальных ресурсов определяется на ос-
новании следующих данных: 
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 расхода материалов, изделий, конструкций  
на производство строительных, специальных строитель-
ных, ремонтно-строительных работ и монтаж обору-
дования, определяемого по соответствующим ГЭСН 
на установленный измеритель сметной нормы; 

 сметных цен на материальные ресурсы для соот-
ветствующих административно-территориальных  
регионов страны в уровне цен на установленную дату. 

Формула для стоимости материальных ресурсов 
(Смат) имеет вид:  

 

  матС М Ц ,i i    (6) 
 

где Мi – расход каждого вида материалов, изделий, 
конструкций, включаемых в единичную расценку,  
в натуральных единицах измерения; Цi – сметная цена 
каждого вида материальных ресурсов, включаемых  
в ЕР, руб. на соответствующую единицу измерения 
материального ресурса. 

Если норма расхода ресурсов уточняется в проект-
ных решениях, то стоимость этих материальных  
ресурсов в единичной расценке на строительные, спе-
циальные строительные, ремонтно-строительные  
работы не учитывается. Наименования таких мате- 
риальных ресурсов (без указания типа, марки, класса 
и т. д.) вносятся в таблицу единичной расценки ниже 
стоимостных показателей с указанием норм их расхо-
да на принятый измеритель ЕР. 

В случае, когда норма расхода материальных  
ресурсов зависит от проекта и в соответствующей 
таблице государственных элементов сметных норм  
на строительные, специальные строительные, а также 
ремонтно-строительные работы, то на месте их расхо-
да указывается литера «П», при составлении ЕР  
наименования таких материальных ресурсов приво-
дятся ниже стоимостных показателей, а на месте рас-
хода аналогично устанавливается литера «П». 

При составлении единичных расценок на монтаж 
оборудования принимаются в расчет затраты на мате-
риальные ресурсы, перечень и расход которых указан 
в ГЭСНм на соответствующие виды работ, в том числе: 

 основные, остающиеся в деле (подкладочные  
и прокладочные материалы, болты, гайки, электроды 
и др.); 

 вспомогательные, не остающиеся в деле, для  
изготовления и устройства приспособлений, необхо-
димых для производства монтажных работ (бревна, 
брусья, доски и т. п.), с учетом их оборачиваемости,  
а также вспомогательные материальные ресурсы,  
не остающиеся в деле, используемые для индивидуаль- 
ного испытания смонтированного оборудования, 
сушки и других целей (электроэнергия, газ, пар, вода, 
воздух, топливо). 

При разработке единичных расценок на монтаж 
оборудования потребность во вспомогательных  
ненормируемых материальных ресурсах, используе-
мых при производстве монтажных работ (обтирочные 
материалы – ветошь, концы, бумага и др.; промывоч-
ные материалы – керосин, бензин; смазочные мате-
риалы – машинное масло, солидол, тавот и т. п.),  
определяется в размере 2 % от оплаты труда рабочих 
и включается в стоимость материалов в составе пря-
мых затрат единичной расценки. 

В состав расценки при разработке ЕР на монтаж 
оборудования не включается стоимость материальных 
ресурсов, расход которых обусловлен проектной  
документацией. Перечень указанных материальных 
ресурсов принимается в соответствии с общими  
положениями или приложениями к соответствующим 
сборникам ГЭСНм. 

Также стоит обратить внимание, что в единичную 
расценку на монтаж оборудования не включается 
стоимость материалов и изделий, расходуемых непо-
средственно в процессе монтажа, но, согласно уста-
новленному порядку, относимых к механизмам.  

Разработанные единичные расценки по соответст-
вующим видам работ сводятся в таблицы, которые 
составляются по специальным формам, приведенным 
в Приказе Минстроя России от 08.02.2017 г. № 75/пр. 

Таблицам единичных расценок присваивается 
шифр, состоящий из таких элементов, как номер 
сборника, номер раздела в составе сборника и поряд-
ковый номер таблицы. Также рекомендуется при  
присвоении номера таблиц оставлять резерв номеров 
для выпуска дополнений к действующим единичным 
расценкам.  

Код единичной расценки состоит из девятизначно-
го числа, со знаками, расположенными в следующей 
последовательности:  

XX-XX-XXX-XX, 

где 1-й, 2-й знаки относятся к номеру сборника; 3-й, 
4-й знаки – номер раздела (отдела) указанного сбор-
ника; 5-й, 6-й, 7-й знаки – номер таблицы из указан-
ного раздела; 8-й, 9-й знаки – порядковый номер ЕР  
в указанной таблице. 

Сборник единичных расценок состоит из техниче-
ской части, таблицы сметных норм и приложения.  

Техническая часть сборников единичных расценок 
состоит из следующих разделов:  

1) общие положения; 
2) исчисление объемов работ. 
Для каждого разработанного проекта ЕР оформ-

ляются следующие обосновывающие документы: 
 проекты таблицы единичных расценок, по форме 

соответствующие приведенным методическим реко-
мендациям; 

 пояснительная записка, включающая в себя  
основания необходимости разработки единичной  
расценки, где указывается вид разрабатываемой еди-
ничной расценки (для последующего ее включения  
в номенклатуру действующих единичных расценок),  
а также уровень цен, в котором разработана единич-
ная расценка; представляются реквизиты организа-
ции-заказчика и организации-разработчика проектов, 
наименование и адрес заявителя; включается другая 
информация, имеющая, по мнению заявителя, отно-
шение к разработке данной единичной расценки; 

 таблица расчета единичной расценки; 
 показатели часовой оплаты труда, сметные цены 

на эксплуатацию машин и механизмов, а также сметные 
цены на материалы, изделия и конструкции, исполь-
зуемые при разработке соответствующих таблиц еди-
ничных расценок. 
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Проект таблицы ЕР и обосновывающие документы 
к данному проекту согласовываются уполномочен-
ными представителями разработчика единичных рас-
ценок и организации-заказчика. Согласованные доку-
менты и пояснительная записка к проекту таблицы 
сброшюровываются, прошиваются, заверяются печа-
тью и подписью руководителя (уполномоченного  
заместителя руководителя) заявителя и направляются 
на утверждение в уполномоченный исполнительный 
орган государственной власти в установленном  
порядке. 

В рамках данной статьи авторами была разработа-
на единичная расценка на новый вид строительных 
работ, которая в настоящее время отсутствует в базе: 
устройство наливного пола типа «Полиплан 1001»,  
на примере государственного бюджетного учреждения 
здравоохранения «Челябинский областной клиниче-
ский онкологический диспансер» по ул. Блюхера, 42, 
г. Челябинск. 

Методика разработки единичных расценок и смет-
ных норм, описанная выше, определена приказом 
Минстроя РФ № 75/пр «Об утверждении методиче-
ских рекомендаций по разработке единичных расце-
нок на строительные, специальные строительные,  
ремонтно-строительные работы, монтаж оборудова-
ния и пусконаладочные работы» [11], а также прика-
зом Минстроя РФ № 76/пр «Об утверждении методи-
ческих рекомендаций по разработке государственных 
элементных сметных норм на строительные, специаль-
ные строительные и ремонтно-строительные работы» 
[12]. В соответствии с данной методикой разработка 
единичной расценки состоит из следующих этапов: 
утверждение технологической карты, хронометраж 
строительных работ и камеральные расчеты. 

Следует отметить, что в настоящее время выбранная 
нами технология отсутствует в базе территориальных 
единичных расценок, технологическая карта процесса 
была составлена нами самостоятельно на основе ре-
комендаций производителя строительных материалов, 
используемых в данном виде работ. 

Для обоснования затрат труда строительных  
рабочих при разработке сметных норм и расценок 
был произведен хронометраж, включающий в себя 
как минимум по 3 наблюдения. В результате авторами 
были проведены хронометражные наблюдения на 4 
захватках, общей площадью наружных стен 125,6 м2. 

Проанализировав данные хронометража, был 
сформирован перечень рабочих операций, входящих  
в структуру технологического процесса, с подсчетом 
объемов работ на измеритель технологического про-
цесса. Далее на основании полученной информации 
составляется калькуляция затрат строительных ресурсов 
на измеритель технологического процесса. В кальку-
ляции затрат строительных ресурсов включаются сле-
дующие показатели: 

 затраты труда рабочих-строителей, занятых  
непосредственно на выполнении строительных, спе-
циальных строительных и ремонтно-строительных 
работ, внутрипостроечном транспорте, в чел. ч; 

 потребность в машинах и механизмах, используе-
мых непосредственно при выполнении строительных, 
специальных строительных и ремонтно-строительных 
работ, а также на внутрипостроечном транспорте,  
в маш. ч; 

 расход материальных ресурсов в принятых  
натуральных (физических) единицах измерения. 

На основании указанной выше информации фор-
мируется элементная сметная норма по устройству 
наливного пола, представленная в табл. 2, в которой 
отражены затраты труда рабочих строителей, потреб-
ность в строительных машинах, механизмах и затратах 
труда машинистов, расход материальных ресурсов. 
Состав работ включает в себя шлифование основания, 
обеспыливание поверхности, грунтование швов, за-
тирку швов, приготовление раствора для грунтования, 
грунтование основания, приготовление смеси «Поли-
план 1001», заливку наливного пола, устранение  
излишков воздуха с поверхности пола, лакирование 
поверхности. 

Разработка государственных элементных сметных 
норм производится на основе принципа усреднения  
с определением нормативного количества строитель-
ных ресурсов, необходимого и достаточного для  
выполнения соответствующего вида работ. 

На основании разработанных государственных 
элементных сметных норм была выведена единичная 
расценка по устройству наливного пола типа «Поли-
план 1001», которая приведена в табл. 3, составляю-
щейся по форме, приведённой в методических реко-
мендациях по разработке единичных расценок. 

 
Таблица 2 

Элементная сметная норма по устройству наливного пола типа «Полиплан 1001», измеритель – 100 м2 
 

№ п/п  Код затрат  Наименование элементов затрат  Ед. измер.  
Показатели 

норм  
1  1  Затраты труда рабочих 4,34  

1.1.  1-1050  Средний разряд работы 
чел. ч 

4,8  
2  3  МАШИНЫ И МЕХАНИЗМЫ      

2.1.  330301  Машина шлифовальная электрическая  маш. ч  1,53  
2.2.  330302  Машина шлифовальная угловая  маш. ч 1,21  
2.3.  331305  Пылесос промышленный  маш. ч 1,11  
2.4.  331451  Перфоратор электрический  маш. ч 0,49  
3   МАТЕРИАЛЫ      

3.1  101-8076  Герметик полиуретановый «Эмфимастика PU-25», однокомпонентный  кг  0,98  
3.2  101-2786  Грунтовка полимерная типа «BOLIX O»  кг  11,783  
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Окончание табл. 2 

№ п/п  Код затрат  Наименование элементов затрат  Ед. измер.  
Показатели 

норм  
3.3  101-5870  Грунтовка полиуретановая «Праймер 1101»  кг  43,767  
3.4  101-5869  Покрытие полиуретановое монолитное «Полиплан 1001» (2,3 кг/1 м2 

при толщине слоя 1,5 мм)  
кг  230,000  

3.5  113-0659  Финиш-лак 105  кг  20,000  
 

Таблица 3 
Единичная расценка по устройству наливного пола типа «Полиплан 1001» 

 

В том числе, руб. Затраты труда Номера 
расценок 

Наименование 
и характеристика 
строительных 
работ и конст-

рукций 

эксплуатация 
машин 

материалы 

(Коды  
неучтенных 
материалов) 

Наименование 
и характеристи-
ка неучтенных 
расценками 
материалов 

Ед.  
измерения 

Прямые 
затраты, 
руб. оплата 

труда 
рабочих

всего в том 
числе 
оплата 
труда 

расход  
неучтенных 
материалов 

рабочих-
строителей, 

чел. ч 

машинистов, 
чел. ч 

1 2 3 4 5 6 7 8 9 10 

ХХ-ХХ-ХХХ 

Устройство 
наливного  
пола типа  

«Полиплан 1001»

100 м2 18536,51 229,59 14,02 – 18292,90 16,82 – 

 
В ходе разработки элементной сметной нормы  

и расценки оказалось, что затраты труда отличаются  
в меньшую сторону более чем в два раза от самой 
ближайшей аналогичной нормы (ГЭСН 11-01-052-01) 
[13], при этом технология устройства пола и исполь-
зуемые материалы отличаются от учтенных в базе. 
Подобные результаты были получены и при анализе 
остальных полученных расценок [14]. Это можно 
объяснить еще и тем, что совершенствование исполь-
зуемой в строительных работах техники обеспечивает 
не только рост производительности труда и его об-
легчение, но и снижение затрат труда на единицу 
продукции при использовании новых машин и меха-
низмов. 

Полученные результаты исследования доказывают 
необходимость постоянного мониторинга действующей 
сметно-нормативной базы [15] с целью исключения 
устаревших и не находящих применения в современ-
ных условиях и добавления новых норм и расценок. 
Кроме того, более целесообразно проектировать рас-
ценку открытой, оставляя сметчику свободу выбора 
материалов разных товарных марок и параметров.  

Заключение. Сметное нормирование в строитель-
стве является одним из ключевых элементов системы 
взаимоотношений участников инвестиционного строи-
тельного комплекса. В то же время это очень много-
гранный процесс, который постоянно и активно меня-
ется вслед за развитием строительных технологий  
и изменениями в законодательстве государства. Смет-
ная стоимость является исходной точкой любого  
инвестиционного проекта, независимо от его цели  
и вида финансирования, на ее основании производятся 
расчеты эффективности проекта и принимается реше-
ние о его реализации. Именно на основании сметной 
стоимости определяются договорные цены на строи-
тельные работы, оплачиваются расходы на сырье  

и материалы, расходы на оборудование и заработная 
плата рабочих. И, наконец, сметная стоимость строи-
тельства лежит в основе балансовой стоимости  
основных фондов предприятия в виде построенных 
зданий и сооружений. Поэтому повышение точности 
расчетов при определении стоимости строительства 
является весьма актуальной задачей как для строи-
тельных компаний, так и для инициатора проекта  
(заказчика) при любом уровне финансирования. 

Анализ состояния системы сметного нормирова-
ния в РФ показал, наряду со всеми положительными 
изменениями, наличие трех основных проблем: 

 основной метод, применяемый в сметном цено-
образовании в настоящее время – базисно-индексный, 
который сам по себе уменьшает достоверность расчета 
за счет обобщенных индексов изменения стоимости; 

 не существует единой базы стоимости строи-
тельных работ – каждый подрядчик может использо-
вать одну из множества баз сметных нормативов как 
федерального, так и территориального или отраслевого 
уровня; 

 в существующей базе присутствуют не все со-
временные технологии, и тем более не все строитель-
ные материалы и изделия – база требует постоянного 
мониторинга и актуализации. 

В результате проведения хронометражных работ  
и разработки на их основании сметных норм и расце-
нок оказалось, что во всех четырех случаях стоимость 
каждого из ресурсов, необходимых в соответствую-
щей работе, значительно отличается от самой близкой 
имеющейся нормы. И если несовпадение в стоимости 
материалов является логичным и может быть решено 
переходом только на открытые расценки, то отличия  
в трудозатратах делают большинство существующих 
расценок полностью неактуальными.  
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Таким образом, необходимым этапом реформы 
системы ценообразования является разработка и ут-
верждение нормативов на новые, современные техно-
логии строительных работ, по которым отсутствуют 
государственные сметные нормы, а также актуализа-
ция существующих норм и расценок и постоянный 
мониторинг базы. Только имея полную базу стоимо-
сти ресурсов и нормативов работ, которая должна 
обновляться постоянно, можно говорить о переходе  
к адекватной, современной и точной системе цено- 
образования.  
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Satellite systems continue to play an important role in developing of telecommunication and broadcasting services 

market by offering an effective technical solution for the transmission and dissemination of various types of information  
to mobile and fixed subscriber receivers. This trend is raising demand for the spectrum-orbit resource (SOR) which 
provides the operation of any radio-electronic system and this leads to a shortage of this valuable resource. The inter-
national administrative management system, based on technical and normative principles and procedures set in the 
Radio Regulations, which successfully coped with its tasks of SOR distribution under conditions when several satellite 
nations have an insignificant number of satellites in the geostationary orbit, under conditions of current loading, shows 
its inefficiency. The procedure of obtaining authorization to use the resource involves considerable expenditure of time 
and material resources raising transaction costs on development of satellite projects and increasing financial risks, 
which makes investment in satellite projects less attractive. In this regard there is a question of the necessity of stimu-
lating rational use of SOR methods introduction. 

We are considering the possibility of introducing economic methods into the international SOR management system 
as an additional tool to encourage the rational use of the resource. An analysis of the existing approaches of contempo-
rary economic theory has identified some basic options for applying economic methods to the SOR management system. 
For the planned frequency bands, distributed for satellite services, the introduction of national assignments rent system 
is offered. For unplanned frequency bands, the introduction of payments for the SOR use is being considered. On the 
basis of electromagnetic compatibility of satellite communication systems assessment analysis, the methods to deter-
mine payments for SOR based on assessments of a satellite system aggressivity in terms of creating interference and  
of its sensitivity to interference from other systems are offered.  

 
Keywords: satellite communication; orbit capacity; transactional costs; economic methods of spectrum manage-

ment; spectrum pricing. 
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Спутниковые системы продолжают играть важную роль в развитии рынка услуг связи и вещания, предос-

тавляя эффективное техническое решение для передачи различного рода информации на мобильные и фикси-
рованные абонентские приемники. Такая тенденция повышает спрос на использование орбитально-
частотного ресурса (ОЧР), обеспечивающего работу любого космического аппарата, что ведет к феномену 
нехватки этого ценного ресурса. Международная административная система управления, основанная на тех-
нических и нормативных принципах и процедурах, изложенных в Регламенте радиосвязи, успешно справляв-
шаяся со своими задачами по распределению ОЧР в условиях существования нескольких спутниковых держав  
с незначительным количеством спутников на геостационарной орбите, в условиях текущей загрузки демонст-
рирует свою неэффективность. Процедура получения разрешения на использование ресурса требует больших 
временных и материальных затрат, что повышает транзакционные издержки на развитие спутниковых проектов 
и риски, что, в свою очередь, снижает привлекательность инвестирования в спутниковые проекты. В этой 
связи встает вопрос о необходимости внедрения методов, стимулирующих рациональное использование ОЧР.  

                                                 
* The opinions expressed herein are those of the author and do not reflect an ITU official position. 
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Рассматривается возможность внедрения в международную систему управления ОЧР экономических  
методов в качестве дополнительного инструмента, стимулирующего оптимизацию использования ресурса. 
Проведенный анализ существующих подходов современной экономической теории позволил определить основ-
ные варианты применения экономических методов к системе управления ОЧР. Для плановых полос частот, 
распределенных для спутниковых служб, предлагается введение системы аренды национальных присвоений. 
Для неплановых полос частот рассматривается введение платы за использование РЧС. На основе анализа 
оценки электромагнитной совместимости систем спутниковой связи предложена методика определения 
платы за РЧС, основанная на оценке агрессивности спутниковой системы с точки зрения создания помехи и ее 
чувствительности по отношению к помехам от других систем.   

 
Ключевые слова: спутниковая связь, емкость орбиты, транзакционные затраты, экономические методы 

управления использованием РЧС, ценообразование радиочастотного спектра. 
 
Introduction 
Satellite systems in the 21st century allow to provide 

efficient decisions on delivering modern communication 
services and broadcasting, successfully creating the com-
petition to terrestrial telecommunication systems or even 
dominating in a number of markets. The latest achieve-
ments in the field of satellite technologies development, 
in particular increase in a total spacecraft (SC) capacity 
up to 1 Tbit/s, introduction of all-electric satellites, in-
crease in the maximal efficient loading of launch vehicles 
and a possibility of their reuse, decrease in time of satel-
lites production lead to the considerable decrease in spe-
cific cost of satellite capacity, stimulating strengthening 
of satellite technologies competitiveness. The prospects of 
satellite operators development to a large extent depend 
on availability of the spectrum-orbit resource (SOR) pro-
tected from harmful interference. In this regard under 
conditions of the geostationary orbit (GSO) current load-
ing, the questions of SOR international management system 
improvement necessity are more often brought up [1; 2]. 

The measures directed to increase in effectiveness  
of SOR use which are being considered at the moment,  
in particular, by the relevant Study Groups of the Radio-
communication Sector of the International Telecommuni-
cation Union (ITU) are administrative or technical.  
Nevertheless, some research and existing experience 
show that economic methods are one of the potent  
instruments to improve efficiency of natural resource  
use [3; 4]. In this article the definition and criteria of SOR 
use efficiency are discussed, the assessment of SOR use 
influence on economic indicators of satellite communica-
tion project is carried out, the main shortcomings of the 
developed control system of SOR use are presented and 
offers on application of economic methods of SOR  
management for the purpose of increase in economic  
effect of its operation are made. 

The efficiency of the spectrum-orbit resource use  
by satellite communication systems  

It is possible to recognize the combined channel  
capacity created by the satellites located on a particular 
GSO arc as efficiency of SOR use, that it is possible  
to write in the generalized form as [5]:  

 E = C / ∆θ Δf, (1) 

where E – effectiveness of OFR use; C – system total  
capacity, Mbit/s; ∆θ – angular width of a GSO arc; Δf – 
frequency bandwidth occupied by satellites.  

As technical solutions directed to efficiency  
increase, application of homogeneous systems, minimally 

admissible angular spacing in an orbit, a polarization iso-
lation, increase in accuracy of keeping the satellite in the 
given position, optimum admissible interference level 
were considered. Nevertheless, the analysis of satellite 
communication projects components leads to the interest-
ing conclusion – possibilities of OFR use are defined not 
only by technical, but also by economic criteria. 

Let us explain the foresaid. We will consider the typi-
cal project of a satellite system. The main components  
of capital costs are expenses on satellite designing and 
production, its launch, including insurance, creation of  
a necessary ground segment. The satellite cost is deter-
mined by the requirements to technical parameters, defined 
by the required services in the specified service area with 
wanted quality. Nevertheless, with grow of SOR utilisa-
tion, more and more influence on system parameters  
is exerted by the need to provide electromagnetic com-
patibility (EMC). In particular, it demands the increase in 
receivers protection from interference, increase of diame-
ter of the Earth station (ES) antenna, optimization of radio 
signals processing methods, the adaptive transceivers use 
recustomizing working parameters depending on a spe-
cific electromagnetic situation. It leads to the considerable 
rising of equipment costs and, in general, to the increase 
in the required capital investments. Another negative  
result of incompatibility leading to larger economic losses 
is the impossibility of all satellite system capacity use  
in connection with harmful interference. In addition, there 
is a growing influence of one more component on eco-
nomic efficiency of satellite communication systems  
projects – expenses on registration of the corresponding 
assigning frequences of an orbital position in ITU. 
Whether this problem is objective or it is related to ineffi-
ciency of the applied methods of management? To answer 
this question it is necessary to consider the existing inter-
national control system of use of SOR.  

International management system of the orbital-
frequency resource use 

According to the Radio Regulations (RR) [6] all fre-
quency bands used for satellite communication systems 
are divided into two types – planned and unplanned. The 
management of SOR use in them is based on different 
technical principles and regulation procedures, but they 
have to pursue one objective – provide the access to SOR 
to the greatest possible quantity of systems on the condi-
tion of harmful interference lack. The choice of the pro-
cedure is defined in RR by the frequency band in use and 
the type of radio service. 



 
 
 

Экономика 
 

 175

The criticism of planned approaches is that they are 
practically not used per se. The main plans drawback for 
the majority countries of the world is the restriction of a 
service area by the national territory. It deprives satellite 
communication of its main advantage – an opportunity to 
provide services in larger areas and leads to the fact that 
realization of satellite systems within national allocations 
will be economically unprofitable for the majority of 
countries of the world.  

As a result it turns out that plans are interesting only 
to a limited number of national administrations. Applica-
tion of additional to plans modification procedures  
allows them to get advantages at the expense of others 
which do not use it and, for the reasons stated above, most 
likely, will never use. In practice modification in most 
cases leads to deterioration in conditions or impossibility 
of national allocations use in the Plans.  

The main objectives of various procedures explained 
in RR concerning unplanned frequency bands application 
are effective SOR use and the greatest possible satisfac-
tion of the real requirements of administrations for their 
use. Consideration of applications in this case is based on 
the principle “first came – first served”. 

The existing approach was being developed in the 
conditions of satellite communication birth. In the process 
of a resource loading and increase in demand for satellite 
communication services the so-called problem of “paper” 
satellites started to appear. Administrations of some coun-
tries tried to occupy a resource for the purpose of access 
complication to it by others and reservation for the future 
particular and indefinite requirements. In this regard some 
international measures directed to the solution of the  
existing problems have been taken. 

First of all, temporary restrictions of all procedures 
completion date were set, now it is 7 years since the date 
of application for SOR registration in ITU, and confirma-
tion obligation of system input was assumed. In addition, 
practically for all satellite networks to which the proce-
dure of coordination is applied, administrations have  
to submit the request of a specified form confirming the 
reality of the plans for network development to ITU.  
In particular, it has to contain the data on a satellite manu-
facturer and launcher, the reference to the contract  
and also the information on launch time and place. Also 
the payment for satellite applications processing, based  
on recovery of ITU costs on this activity was introduced.  

The adopted decisions have yielded some positive  
results, the number of “paper satellites” decreased, but 
they have not disappeared. Administrations still have no 
effective incentives to abandon unused positions, emis-
sions and frequencies. Moreover, there are apparent pre-
requisites to creation of technical obstacles for competi-
tors access to the spectrum and the orbit that is directed  
to market protection or, what is even worse, to the subse-
quent registered position speculation that recently happens 
even more often. In practice it results in the following: 

– in the Master International Frequency Register 
(MIFR) of ITU there are applications which underwent all 
required procedures to a decision making to combat paper 
satellites, but they were either never really used or the 
actual operation of the corresponding satellites already 
ended; 

– the data entered in applications for SOR in ITU  
defines the worst situation for compatibility, usually indi-
cating the maximal and minimal modes which are not put 
into practice; 

– often bilateral negotiations on coordination conduct 
to particular concessions on restriction or change of the 
stated network parameters. In most cases the correspond-
ing applications do not reflect these agreements, they still 
contain initially stated and obviously not used modes; 

– some administrations provide information on launch 
confirmation to the Bureau and, according to the adminis-
trative procedure due diligence, it does not correspond  
to reality. 

Such practice does not make MIFR to reflect an actual 
reality of SOR use and unreasonably increases the number 
of networks with which an applicant has to be coordinated. 

Current situation conducts to the fact that the interna-
tional spectrum management system in itself imposes the 
considerable additional costs for satellite projects, reduc-
ing their investment attractiveness, and, thus, limiting 
possibilities of SOR use. Its inefficiency causes the 
growth in necessary initial investments, reduces net profit 
and increases the project discount rate. Let us explain this 
conclusion. 

As later an operator of satellite communication  
addresses for a necessary resource, as higher its costs of 
carrying out calculations, the EMC analysis for the pur-
pose of an optimum position choice, working parameters, 
used frequency bands and coordination are. A number of 
researches have considered this phenomenon of satellite 
projects growing expenses which in economic terminol-
ogy was named “latecomer’s expenses” [7]. By different 
estimates “latecomer’s expenses” for the satellite project 
make about 5–10 million US dollars and they are growing 
in the process of SOR loading It is also necessary to note 
that ITU regisration on average demands more than 5 
years, that is often longer than a production cycle itself, 
from the moment of contract signing to SC launch to an 
orbit. 

In addition, the increase in actual and paper orbit load-
ing leads to the fact that, starting the project, the operator 
does not know conditions of getting access to a resource 
use, what depends on agreements with the concerned ad-
ministrations. The answer to a question whether it will be 
possible to provide the intended services in the certain 
area on particular diameter antennas with the guaranteed 
quality is very uncertain. Indeterminacy is a serious ob-
stacle to any investment project implementation, it in-
volves risk and credit rate increase. Thus, the successful 
future of satellite communication is closely related to the 
international regulation procedures which create serious 
obstacles on the way of modern satellite projects devel-
opment now. In these conditions taking actions directed to 
efficiency of SOR use increase is required. 

General provisions of the modern economics of social 
welfare  

The main task of economics of social welfare is rational 
economy management, rational activity, that is optimum 
resources distribution for achievement of goals [8–10]. 
The inefficiency arising when using sharing resources, 
with free access, has been the problem under study in 
economy for a long period. The lack of proper mechanism 
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of access to a resource regulation at increase in demand 
leads to inefficiency of distribution and use, exhaustion, 
overfilling or pollution. 

The choice of economic methods is first of all caused 
by the choice of the ownership form. So far there are three 
approaches which allow to solve a problem of the “tragedy 
of the commons”, in particular: 

– centralized administrative-command management; 
– private property; 
– collective property. 
According to the single Soviet Nobel prize winner  

in Economics L.V. Kantorovich research results, in the 
conditions of state property for the resource use, the opti-
mality of its use can be reached due to introduction of the 
differentiated rent determined by the state planning  
authority [11]. Besides a differential payment the state,  
in case if it is possible, can establish particular quotas for 
a resource use and maintain justice, that is rules of  
a resource use at the expense of heavy fines. 

Under certain conditions market economy and private 
property also lead to effective use of restricted resources. 
So, according to the principle of “the invisible hand” par-
ticular solutions of separate institutes in the conditions  
of perfect economy (that is the competition without mo-
nopolies) are socially optimum [12], leading to the growth 
of social welfare. Distribution of resources in a situation 
of competitive equilibrium is economically efficient. 
Deepening of this principle has led to the development of 
the first theorem on economy of social welfare, according 
to which it is considered that “if the market where all par-
ticipants of trade act is competitive, then all mutually 
beneficial commercial transactions will be concluded 
sooner or later, and the equilibrium distribution of  
resources arising as a result will be economically effi-
cient” [13]. It is considered that a cumulative effect of  
it for the society is maximum if it is impossible to redis-
tribute it so that at least it is better for someone and it is 
worse to nobody. Such distribution of resources is known 
as “Pareto optimality criteria”. However the unambiguous 
adherence to this criteria, when making a decision, con-
siderably limits the choice of optimization options  
because there is always someone to whom it is worse at 
any decision, therefore in some cases practical use of this 
criteria is difficult.  

The optimality of competitive economy according to 
Pareto depends on various prerequisites. They become 
apparent in the course of market failure consideration, it is 
when the perfect competition does not lead to economic 
optimum. Direct influence of the negative externalities  
is the main reason of a market failure. Besides, market 
failure in some cases is bound to non-performance in 
most cases of the main condition of economy of welfare 
theorems – competition optimality, for example, in connec- 
tion with the existence, due to various technological, 
economic reasons, of companies having the dominating 
positions in this or that market which received their 
positions at the initial resource distribution. In this case 
there are many possible optimal situations according to 
Pareto, the choice of one of them demands participation in 
the process of the regulator authority helping the market 
to cope with fiasco causing unefficient resources use. 
Therefore, less strict “Pareto potential optimality criteria” 

is more achievable [14]. This criterion establishes that 
redistribution of resources leads to the  social welfare 
gains in general, and, therefore, has to be carried out if 
those who get better after the redistribution can completely 
compensate for losses of those to who get worse, and at 
the same time to benefit more from a resource use than 
before redistribution. It should be noted that besides the 
competitive environment existence, a condition of market 
criteria realization is the possibility of legible 
determination of the property rights to the used resource 
with a possibility of their sale. 

Later economic research showed that the collective 
property in some cases can cope with a problem of 
unefficient resource use [15]. The main conclusion is that 
under certain conditions collective management of a 
resource of the physical or legal entities pursuing personal 
benefit can result in the greatest economic effect. To these 
to conditions, in particular, belong:  

– clear definition of resource boundaries and each 
owner’s shares with the right to withdraw them from 
collective use; 

– the rules of distribution limiting place, time, technology 
and/or quantity of a resource; 

– possibility of each owner participation in definition 
of instructions for a resource use; 

– control of implementation of the established rules 
from owners; 

– sanctions against violators of the adopted rules; 
– definition of procedures for conflicts solutions both 

in collective community and between community and the 
authorities; 

– absence of external intervention, in particular the 
state institutes, in a decision-making process concerning 
collective property.  

Practically all developed countries of the world in a 
varying degree apply economic methods in a management 
system of a radio-frequency spectrum use applied by the 
terrestrial radio communication systems and broadcasting 
[16; 17]. Let us consider whether their use to OFR used 
by satellite networks is possible. 

Application of economic methods of the orbital-
frequency resource use management options 

Planned frequency bands. From the economic point  
of view SOR management in planned frequency bands  
is administrative, administrations divided a resource 
among themselves on the basis of the particular technical 
and regulatory principles, after their realization the  
national operator can acquire the right to use SOR  
from the administration by the agreed basic principles – 
providing equal access to this natural resource for all 
countries. According to the economic theory, if a man-
agement system is not changed, then the introduction  
of a differential fee has to stimulate effective SOR use. 
Nevertheless, introduction of a payment for national as-
signments in the Plans will not achieve this result and will 
not be supported by administrations. The principles of 
effectiveness were already initially underlain in the basis 
of the Plans, the most admissible channel capacity in  
a particular frequency band was defined and the choice  
of technical parameters and orbital positions was based  
on providing EMC on the condition of national territory 
covering. The unified technical parameters that are all 
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homogeneous systems were applied to planning, what 
provides optimal SOR loading. 

For increase in effectiveness of planned bands use it is 
possible to consider two possible methods: 

1. Сancellation of plans. Plans as it was considered 
above, do not work and create considerable administrative 
difficulties, partially bureaucratic, not related to the tech-
nical condition of RFS or orbit loadings, as in some cases 
coordination has to be carried out with paper systems, 
which are retained by a number of administrations pro-
ceeding from positions of uncertain future use and some-
times from purely political ambitions. 

2. Replanning for the purpose of creation of conditions 
for the market of the rights to use SOR. Procedures  
of planned frequency bands use create very good basis for 
the secondary market of the rights to use SOR develop-
ment. One of market mechanisms operating conditions  
is legible determination of property rights. Concerning the 
property rights to use SOR, they were formulated as fol-
lows [18]: 

– definition of the used frequency bands; 
– maximal power or spectral mask; 
– a service area and the maximal power outside a ser-

vice area. 
The analysis of the existing satellite plans shows that 

all these conditions are already consolidated by the inter-
national legislation, only legal permission to a possibility 
of sale or rent is necessary. Nevertheless the mechanism 
does not work and it is explained by the same drawback 
mentioned earlier – restriction of a service area of the 
planned assignment with a national covering. The problem 
can be solved due to replanning on the basis of a regional 
covering. The optional version of replanning is presented 
in fig. 1. Orbital positions can be defined on GSO uni-
formly, proceeding from practical reasons it is possible to 
establish, over 3 degrees. At the same time the admini-
strations which received a resource in one point must 
have the right to use an arc in ±1.5º from the nominal 
position. Realization of a particular technical mask has  

to providethe lack of interference for networks in the 
neighboring clusters. 

The plan can be used as follows: 
1. Administration can keep a possibility of the position 

planned use in case of future needs. Capacity of national 
assignment will decrease, due to the service area expan-
sion, but at the same time the national system of any  
administration can be commercially viable having a po-
tential of a service area choice up to regional. At the same 
time two main planned advantages – equal access of all 
administrations to an orbit and a possibility of national 
satellite system realization without the need for carrying 
out coordination remain. 

2. Neighbors in a cluster in one orbital position can 
combine their capacity, jointly realizing more broadband 
systems on the basis of mutual arrangement. 

3. In case of plans for the development of characteristic 
system absence, the administration will have a possibility 
of the rights rent to administrations which need an addi-
tional resource, on a temporary basis at the mutual agree-
ment and on condition of technical restrictions of the plan 
realization (a position A7’). The ITU Radiocommunica-
tion Bureau can undertake a task of information collection 
from administrations which are ready to lease the rights  
to SOR use to make it publicly available. The present 
possibility establishes conditions for the secondary market 
of the rights to RFS use creation. 

4. Bases for more effective use of an arc in a cluster are 
created. If new operators (for example, positions of A7 
and A8) are able to provide compatibility with satellites  
in a nominal position and to satisfy conditions of systems 
protection in the neighboring clusters on the basis  
of technical masks realisation or arrangements with  
administrations in the neighboring clusters, they can have 
an opportunity to use other orbital positions in a cluster, 
different from the nominal. Even in case if the administra-
tion already has its national system, it will be interested in 
carrying out the research directed to combination of two 
or several systems within the national assignment to gain 
additional benefits from a resource use. 

 

 
 

Fig. 1. Option of Satellite planned bands 
 

Рис. 1. Вариант плана для спутниковых служб 
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The offered approach allows to keep advantages of the 
plan and to eliminate its defects. Administrations will be 
interested in achievement of the arrangement with opera-
tors striving to use their planned resource. It will force 
them to publish actual parameters of their systems in case 
they exist, or not to preserve the national assignment  
in case of uncertain future use. It will be stimulated with 
an opportunity to get actual material compensation. Even 
if there is the need, carrying out coordination will be  
executed between a very restricted number of negotiators,  
at the same time each of them will be interested in the 
positive agreement. The registration of new assignments 
by the Bureau of a radio communication can be carried 
out on the basis of the notification of the administration 
owning the right to use the corresponding national alloca-
tion. All these procedures in a complex will promote re-
alization of economic conditions of restricted resource use 
effectiveness according to a potential criterion according 
on Pareto. 

The main problem when compiling a plan, as it is of-
fered above, is that it has to be created for SOR which it is 
not occupied with existing systems yet. One of the sim-
plest probable options of introduction is the use of new 
frequencies distributions for satellite services in higher 
and not loaded yet frequency bands for planning. Another 
more composite opportunity is replanning of the existing 
plans with the term of realization of 15 years that will 
allow to finish operation to all satellites which already use 
the discussed frequency band. In addition, a new plan has  
to contain regulatory provisions describing actions of ad-
ministrations concluding renting transactions of their  
frequency assignments. 

Unplanned frequency bands. Unlike the planned, the 
unplanned frequency bands are not suitable for introduc-
tion of the market approach as it is quite difficult to define 
the property rights. Each frequency filing is developed for 
the specific project, that it must have the parameters cor-
responding to the requirement specification for the par-
ticular satellite. In practice there have already been sev-
eral transactions when the position notified by one ad-
ministration has already been used for the SC belonging 
to another administration. It leads to the fact that the noti-
fied parameters considerably differ from actually used, 
complicating protection of the used assignments as the 
filing was developed for another satellite. Also it is neces-
sary to consider thatunplanned frequency bands are really 
very loaded and the change of SOR management proce-
dure can create considerable difficulties for a large num-
ber of operators. 

One of the most optimal ways to improve EMC of sat-
ellite systems among themselves is the ban on expansion 
of the stated service areas and satellite antenna strength-
ening diagrams, which often happens in practice. Modern 
RR text contains only appeals to cover zones restriction 
without legible definitions and restrictions. As a result 
there are such applications where a service area – the ter-
ritory of a small country, but an aiming point of SC – on 
the equator, and a contour of the antenna gain countur 
(AGC) – global. Let us illustrate on the example how the 
notified service area influences a number of networks 
which have to be involved in coordination process. Calcu-
lations results of requirements for coordination on the 

basis of the criterion of noise temperature ∆T/T of actu-
ally notified system using Ku-range on the line down are 
given in table At the reduction of a service area with the 
global (fig. 2), that is the minimal angle of arrival is equal 
0º (a contour of an external ellipse) to a service area with 
the minimal angle of arrival 40º (a contour of an internal 
ellipse) requirements for coordination decrease in total  
by 7 %. 

 
Impact of service area reduction to number of coordination 

concerned networks 
 

Minimum arrival 
angle 

0º 10º 25º 30º 40º 

A number of coor-
dination concerned 

networks 

260 258 253 248 231 

 
One more approach to increase SOR use efficiency  

is the achievement of the greatest possible uniformity of 
satellite systems. Such two satellite systems which meet 
the condition are homogeneous: 

 θ1-2 = θ2-1, (2) 

That is the minimal necessary spacing  θ1-2  between 
satellites 1 and 2 from the point of view of interference 
from system 2 on system 1 is equal to a spacing angle θ2-1, 
necessary for preservation on the given interference level 
from system 1 to system 2. Proceeding from these condi-
tions, the homogeneous systems provide equality of the 
required angular spacing on the relation to each other that 
allows to avoid creation of an excess margin on the pro-
tective relation in the direction of one of these systems, 
less sensitive to interference and to realize a minimal 
spacing angle between considering SC. Ratios between 
power parameters of two homogeneous systems show that 
conditions of uniformity can be satisfied for systems with  
different parameters, for example, with different sizes of 
service areas, AGC of ES and etc.  

 

 
 

Fig. 2. Illustration of satellite service area decreasing 
 

Рис. 2. Иллюстрация уменьшения зоны  
обслуживания спутника 
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Based on above mentioned it is possible to come  
to conclusion that the payment for SOR use has to be pro-
portional to the size of an occupied resource that will 
force the operator not to occupy (and not to declare) an 
excessive resource. Let us consider a problem of increase 
in SOR use efficiency from the technical point of view.  
It is defined that the technical factors influencing efficiency 
of GSO use and providing conditions EMC of satellite 
communication systems and broadcastings are in particu-
lar [19]: 

– the improved space selectivity of AN antennas; 
– the improved space selectivity of the SC onboard 

antennas; 
– increase in accuracy of SC keeping in a calculated 

position of GSO; 
– application of different polarizations – simultaneous 

work of a SC on two orthogonal (circular or the linear) 
polarizations; 

– application of efficient methods of signals transfer 
and reception, low-sensitive to interference; 

– development of new, more high-frequency ranges. 
The angular spacing on GSO between the adjacent SC 

working in the common frequency ranges in the modern 
networks usually does not exceed 2º–3°, in certain cases it 
is possible to reduce it to 1° and even to 0° (at not com-
bined cover zones). At coordination of satellite networks 
and calculation of interference of the ES modern antennas 
with the improved space selectivity in the direction other 
than a principal axis, it is recommended to define by  
reference antenna diagram (AD) as described in [20].  
In case the operator of satellite network assumes to use 
simpler ES, it is necessary to apply the AD from [21]. For 
ES used in old satellite systems, the AD mathematical 
description is presented in [22]. 

Now in practice in overwhelming number of notified n 
antennas is defined on the basis of [20]. It should be noted 
that the choice of AD providing higher selectivity can 
slightly facilitate achievement of agreement for coordina-
tion. The carried-out calculations of the required angular 
spacing on criterion C/I between two randomly chosen 
systems with identical parameters showed that when  
using ES with AD presented in [20], the required angular 
spacing is 3.8 degrees, in [21] – 4.95 degrees and in [22] – 
5.6 degrees.  

Similarly the increase in space selectivity of the SC 
onboard antennas on GSO promotes decrease of interfer-
ence between geostationary satellite systems if their  
service areas are not overlapped. For this purpose the  
notified AGC has to repeat the necessary service area  
as accurately as possible and to degrade quickly beyond 
its limits. 

Accuracy of SC keeping is normalized in RR as  
δ ≤ ±0.1º. Such tolerance of SC does not lead to noticeable 
degradation of a GSO channel capacity when using stan-
dard angles of spacing between SCs. Requirements  
of high accuracy of keeping are still limited by resource 
opportunities of position correction system of the satellite 
on GSO therefore when considering effectiveness increase 
factors of SOR they can be not viewed. 

The effect of mutual interference decrease between 
satellite networks can be reached by using of different 

polyarizations. It leads to the significant increase in  
a channel capacity. 

The analysis of EMC when sharing SOR satellite sys-
tems and technical means of increase in efficiency  
of GSO use, leads to the conclusion that as an reference 
parameter defining satellite system aggression from the 
point of view of creation of interference and requirements 
for protection it is possible to consider C/N value, the 
required relation of a signal to thermal noise of a commu-
nication link in the lack of interference. The less the re-
quired C/N at the invariability of other parameters of sat-
ellite systems, the larger SOR efficiency can be reached. 
The calculations of the required angular spacing on C/I 
criterion between two randomly chosen systems with 
identical parameters showed that the decrease in C/N  
by 0.2 dB leads to the decrease in the required spacing arc 
by 0.1 degrees. Technically it is possible to reach it due  
to the choice of optimal signal scrambling and application 
low-sensitive to interference signals. Besides stimulation 
of signal interference immunity, the regulator’s task is to 
stimulate the operator to provide data on C/N value close 
to actual that will give the possibility to clear away the 
database of the frequency assignments and to simplify 
coordination. 

As discussed above, in the conditions of administra-
tive centralized management by a restricted resource an 
important role in creation of incentives for SOR effi-
ciency use can play the introduction of a differential fee. 
A following formula to stimulate SOR efficiency use 
could be considered: 

Fee down(up) =  ax
1

m/ ·  · · s g

n

a
i

cC N F K K


    

 × Kgd · Kpl · Kes · Cs)i, (3) 

where Fee down(up) – payment for SOR use for one beam, 
up or down directions; С/Nmax – the maximal value of the 
relation of a signal to the noise for this beam, dB, respec-
tively for the transmitting or receiving beam. The C/N 
value can be the generalized indicator which is best re-
flecting assessment of satellite system interference poten-
tial and sensibility. The higher the stated C/N, the more is 
SOR which the system occupies. Besides that this value 
use will stimulate the operator to introduce more interfer-
ence-resistant operating modes, it is more important that 
they will have the economic reasons to make available the 
data on SOR loading closer to those which are used in 
practice; ΔF – the frequency bandwidth occupied by one 
beam, down or up, the Hz; Ksa – the coefficient consider-
ing the size of service area Ksa = Ssa/Se, where Ssa – the 
stated service area; Se – Earth surface area seen from the 
satellite; Kgc – the coefficient considering the AGC SC, 
Kgc = S–3/Ssa representing the relation AGC SC of the 
main beam (–3 dB) S–3 to notified service area size Ssa; 
Kgd – the coefficient considering contours of power deg-
radation, Kgd = S–3/S–20 representing the relation of AGC 
SC size on the contour (-3 dB) to the size of AGC SC on 
contour (–20 dB) S–20; Kpl – the coefficient considering 
polarization use can be accepted Kpl = 1 if both types of 
polarization are used and Kpl = 0.5 if only one type; Kes – 
the coefficient considering the AD of ES type. On the 
basis of the explained above reasons and calculations, it is 
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possible to accept  Кes = 1 at application of AD defined  
in [20], Kes = 1.3 in [21] and Kes = 1.5 in [22]; Cg – the 
monetary value determining the cost of a spectrum  
resource measure unit, US$ · K/dB · Hz. Determination  
of this value demands the statistical data analysis related 
to activities of satellite networks operators for receiving 
necessary SOR. Introduction of SOR fee does not consid-
erably raise operators expenses, it is necessary to carry 
out an operators economic benefit assessment in case of 
the SRS-all database clearing. At the same time it is nec-
essary to consider not only cut in time expenditure and the 
material resources in carrying out coordination, but poten-
tial decrease in risk of investment that was discussed 
above due to possession of more precise information 
about SOR use as well. This value has to be different for 
different ranges, reflecting their current loading and 
stimulating use of higher, less loaded frequency ranges. 
The corresponding studying has to be carried out within 
the research commissions of ITU-R in an attentive dia-
logue with satellite networks operators. All other required 
payments for SOR payment definition are obligatory for 
representation in applications at coordination and registra-
tion of satellite networks and are available for all comers 
registered in SRS-all.  

The procedures of unplanned bands description shows 
that protection of the notified resource starts not from the 
moment of the actual start of satellite system operation, 
but from the date of receipt of corresponding coordination 
request by ITU Radiocоmmunication Bureau. This date 
defines date of protection of notified SOR from following 
applicants. Thus, the payment has to be charged annually 
for all applications which are registered in SRS-all. 

Conclusion 
1. The existing international management system of 

SOR in the conditions of increase in demand for its use 
does not provide its use efficiency. Implementation of 
international registration requirements demands consider-
able resources, raising cost of projects on the develop-
ment satellite communication and broadcasting networks 
and, respectively, the risk of investment in their develop-
ment. All this exerts negative impact on the development 
of the telecommunication services market and their avail-
ability and quality. 

2. The management of SOR for satellite communication 
networks use is based on two procedures: planned and 
unplanned. The carried-out analysis shows that both of them 
are not efficient, in most cases without providing realiza-
tion of the principles which were underlain in their basis.  

3. The planned approach is intended to provide equal 
access to all countries to SOR. The problem of planned 
distribution of SOR first of all is that national allocations 
have restrictions of the national territory cover zone.  
It leads to the fact that for many countries implementation 
of the satellite project within the resource assigned  
according to the plan has no economic benefit. The cur-
rent use of plans is carried out through additional proce-
dures allowing service area expansion by conducting  
coordination with affected administrations. On the one 
hand, the systems registered according to such procedure 
gradually absorb a resource of planned assignments that 
leads to the fact that their practical use becomes impossible. 
On the other hand, the administrations trying to receive a 

resource, which in most cases is not used and it will never 
be used according to the plan, spend time, financial and 
human resources, providing paper protection of phantom 
national assignments and obtaining consent from admini-
strations which own them. 

4. The main problems of unplanned frequency bands 
are paper satellites and paper parameters brought by  
administrations for protection in the international satellite 
networks frequency assignments database of MIFR for 
their subsequent international legal protection. Operators 
and the administrations which received the registered  
resource earlier have no incentives to refuse really not 
used positions, frequency bands and operating modes. On 
the other hand, due to administrative procedures they 
have very good potential to considerably complicate 
competitors life, limiting them in obtaining necessary 
SOR without any actual technical reason. 

5. It is possible to achieve the increase in planned 
bands efficiency due to replanning, creating conditions for 
of the market relations development. The planning princi-
ples in which in particular the main existing drawback is 
excluded are offered, the covering of national assignment 
has to be regional. Terms providing a possibility of trad-
ing of rights to use SOR between administrations are  
offered. At the same time two main advantages of the 
plan remain – a possibility of providing equal access to 
SOR and lack of coordination when performing technical 
restrictions of planned assignment. 

6. As the economic method directed to efficient use  
of SOR it is offered to introduce an annual differential 
payment for its use for all applications introduced  
in MIRF. On the basis of the analysis of increase in effec-
tiveness technical methods the formula is developed  
for such payment definition and recommendations for its 
components determination are formulated. Technical  
parameters of satellite networks accounting in the formula 
will allow to stimulate operators to introduce more effi-
cient in relation to RFS use technologies, and to declare 
closer parameters to actually used for registration. It will 
simplify in turn negotiations on coordination and to facili-
tate access of new satellite systems to invisible but very 
valuable natural resource.  
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На сегодняшний день проблемы логистики остаются актуальными, успешное функционирование любой  

организации, ее конкурентоспособность напрямую зависят от грамотного построения логистической системы 
предприятия. В России и за рубежом существуют различные институты, цель которых – применение научного 
потенциала логистики на практике.  

Рассматриваются возможности совершенствования логистической системы промышленных предприятий, 
основываясь на мировом опыте и учитывая рейтинги стран по индексу развития логистики.  

Приведен пример совершенствования предприятия, имеющего в своем составе отделы снабжения, склад-
ского хранения, транспортные отделы. Положительными эффектами от использования информационной 
системы в качестве основы управления логистическими потоками внутри предприятия рассматриваются 
регламентация процесса приемки, получения и хранения МТЦ, стандартизация процесса передачи информации 
между подразделениями, получение актуальной информации в короткий срок, определение границ ответст-
венности участников процесса, повышение уровня автоматизации процессов приемки, размещения и хранения 
МТЦ, сокращение влияния человеческого фактора, сокращение временных потерь, сокращение бумажного  
документооборота.  
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Nowadays logistics problems remain relevant. A successful operation of any organization and its competitiveness 
directly depend on the competent construction of a logistics system of an enterprise. In Russia and abroad there are 
various institutions whose purpose is to apply the scientific potential of logistics in practice. 

The article considers the possibilities of improving the logistics system of industrial enterprises, based on the world 
experience and taking into account the countries’ ratings on the index of logistics development. 

The article gives an example of improvement for the enterprise that has in its composition supply departments, 
warehouse storage, and transport departments. The positive effects of the use of the information system as the basis for 
the management of logistical flows within the enterprise are considered: the regulation of the ITC acceptance, receipt 
and storage process, the standardization of information transfer between units, the receipt of up-to-date information in 
a short time, the definition of the boundaries of the process participants' responsibility, placement and storage of ITC, 
reduction of human factor influence, reduction of time losses , reduction of paperwork. 
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которых – применение научного потенциала логисти-
ки на практике. Например, в США работает Амери-
канское общество транспорта и логистики, в Велико-
британии – Институт логистики и управления дист-
рибуцией, в Испании – Центр логистики и многие 
другие, все они входят в Европейскую логистическую 
ассоциацию. Кроме того, вопросы логистики широко 
освещаются в таких изданиях, как Production and  
Inventory Management, Inbound Logistics, Distribution, 
International Journal of Logistics Management и многих 
других. Основную идею современной логистики  
выразил Martin Ashford, Deloitte & Touche. American 
Shipper: «Одной из основных характеристик новой 
нарождающейся экономики будет полностью ориен-
тированное на конкретного потребителя производство 
“по заказу”. Спрос потребителей на товар “по заказу” 
привел уже к практике поставок “точно вовремя”. 
Логистика гарантирует, что Вы получите нужный 
продукт в нужном месте в нужное время по “правиль-
ной” цене». 

Логистика объединяет снабжение, хранение, произ-
водство, сбыт в один процесс. При этом функции  
логистики на предприятии включают в себя анализ 
потребности в материальных ресурсах для обеспечения 
нужд производства, прогнозирование спроса на про-
дукцию, сбор данных о потребности рынка. Логистика 
на предприятии также должна рассматривать вопросы 
оперативного планирования, что подразумевает сокра-
щение запасов при должном уровне производственной 
и сбытовой эффективности предприятия [1; 2; 4].  

Актуальность и степень проработанности про-
блемы. С целью изучения способов совершенствования 
логистической системы производственного предприя- 
тия изучим мировой опыт в этом вопросе с помощью 
рейтинга Logistics Performance Index, определяющего 
индекс развития транспортно-логистического комплек-
са страны на основе развития национальной таможен-
ной системы международных перевозок, нормативно-
правового регулирования логистической деятельности, 
уровня оказания логистических услуг, эффективности 
таможенного оформления, возможности отслежива-
ния и контроля грузов. Рейтинг стран по 5-балльной 
шкале публикуется на сайте Всемирного банка. Рей-
тинг рассчитывается каждые два года и насчитывает 
около ста шестидесяти стран. Топ 10 стан по индексу 
эффективности логистики в 2014–2016 годах зани- 
мают преимущественно Европейские страны. Первое 
место занимает Германия, рейтинг которой составляет 
4,23 балла, Люксембург – 2 место, с баллом 4,22 [3]. 
Для Европейских стран характерна развитость транс-
портно-логистической инфраструктуры, инновации  
в информационную систему и технологические схемы 
логистики. Инновации информационной системы  
логистики включают в себя формирование баз данных 
и коммуникационных систем логистики, позволяющих 
управлять материальными потоками, систем контроля 
и дистанционного мониторинга качества выполнения 
операций на разных звеньях логистической системы [5]. 
Современные европейские предприятия делают упор 
на удовлетворение растущих потребностей потреби-
теля и предотвращение дополнительных расходов,  
с этим связанных, за счет оптимального размещения 

складских помещений, рационализации транспортных 
маршрутов (выбор наиболее оптимальных путей  
доставки), применения информационных технологий, 
оптимальной величины партий продукции, совершен-
ствования систем складирования, погрузочно-
разгрузочных операций. Кроме того, современные 
предприятия предлагают ряд сервисных услуг логи-
стического характера, таких как дополнительная 
складская обработка, тарировка, консолидация. Китай, 
занимающий 27 место в рейтинге LPI с баллом 3,66, 
имеет лидирующие позиции в Азиатско-Тихоокеан- 
ском регионе. На сегодняшний день там сформирова-
лись четыре центра логистики: логистическое кольцо 
вокруг Пекина, Шанхай, Гуанчжоу и Шеньчжэнь, 
Тайванский пролив. Процесс развития логистических 
возможностей Китая связан с приобретением опыта 
иностранных логистических компаний, действующих 
на территории страны, а также за счет внедрения  
передовых информационных технологий, повышения 
уровня автоматизации и информатизации логистики, 
применения инновационных технологий. Опыт стран 
Западной Европы и Азиатского региона показывает, 
что развитие логистической сферы основывается на 
существующем уровне производительных сил в стра-
не, уровне развития рыночных отношений, традициях 
стран, политической, экономической обстановке, 
уровне технологического развития [3].   

Россия же находится на 99 месте, с индексом 2,37 
балла. Эксперты связывают это с нестабильным эко-
номическим, политическим положением, экономиче-
ским кризисом, санкциями против Российской Феде-
рации, кроме того, проблемой для России остается 
низкая эффективность процесса таможенного оформ-
ления. Кроме того, Россия имеет низкий рейтинг по 
срокам поставок товаров. Однако в настоящее время 
наметилась положительная тенденция в сфере повы-
шения эффективности логистических систем. Актив-
но развиваются межрегиональные транспортные ком-
пании, происходит модернизация логистики ФГУП 
Почта России, ведется строительство платных авто-
мобильных дорог, строятся порты-хабы, крупные ло-
гистические комплексы по предоставлению логисти-
ческих услуг. Таким образом, формированию логи-
стической системы в России может способствовать 
применение международного опыта внедрения логи-
стических моделей с учетом собственных реалий.  
По сообщению совместного комитета по логистике 
Торгово-промышленной палаты России компании 
активно внедряют информационные технологии  
в бизнес, в том числе в логистическую сферу, что по-
зволило сократить затраты на перевозки [5–7]. Однако 
эксперты отмечают, что использование информаци-
онных технологий, т. е. программного обеспечения, 
возможно только тогда, когда оно адаптировано  
к конкретной организации и доработано ее специали-
стами.   

Методология исследования. Нами проводилось 
исследование логистической системы производствен-
ного предприятия, которое пользуется ERP-системой 
«Альфа» – интегрированной системой управления, 
координирующей работу ресурсами предприятия, логи-
стикой и цепями поставок, управление производством. 
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В ходе составления карты потока материальных  
ценностей методом применения мозгового штурма 
были выявлены следующие проблемы, способствую-
щие накоплению материально-технических ценностей  
на складах отдела складского хранения предприятия: 

1. Отсутствует стандарт передачи информации 
между подразделениями о приходе и приемке  
товарно-материальных ценностей, информация либо 
не доходит до конечного потребителя, либо является 
неактуальной. В процессе передачи информации  
не используются или используются в небольшой  
степени информационные системы, программы пред-
приятия. В большом объеме присутствует бумажный 
документооборот.  

2. Отсутствует централизованное управление  
логистикой предприятия, каждый отдел работает обо-
собленно, выполняя свои конкретные цели. Нет коор-
динации процесса перемещения грузов по всей цепочке 
поставок. 

Результаты работы. В ходе проведения исследо-
вания была разработана схема приемки (рис. 1),  
размещения и хранения материально-технических 
ценностей (МТЦ), которая поможет отделу складского 
хранения, подразделению (далее – Экспедиция) и управ-
лению закупок решить вышеизложенные проблемы. 
На схеме показано, что информационная система, 
получив указание от управления закупок о прибытии 
грузов, предоставляет информацию в Экспедицию, 
отдел складского хранения, управление автомобиль-
ного транспорта и подразделения-заказчики об ожи-
даемом времени прибытия груза. Экспедиция нанима-

ет машину в управлении автотранспорта (УАТ), мо-
жет заранее спрогнозировать объемы поставки, коли-
чество грузов, определить потребности в транспорте, 
тем самым экономя время на погрузочно-
разгрузочные операции и избегая складирования гру-
зов. Экспедиция сообщает посредством информаци-
онной системы о количестве груза, срочности, дает 
информацию на склады, какой склад и какой груз 
ждет. Склады сообщают подразделениям, группа при-
емки сообщает в управление закупок о получении 
грузов, вопросы и проблемы решаются без потери 
времени. Груз выдается в подразделения, исходя из 
заранее сформированной в системе заявки, транспорт 
под груз заказан в УАТ. Таким образом, происходит 
экономия времени приемки товаров и получения  
конечным пользователем. 

На рис. 2 представлена модель процесса управле-
ния закупками. Модель построена на основе процес- 
сного подхода («вход–сырье», «выход – продукт про-
мышленного назначения»), что позволяет координи-
ровать процесс управления закупками. 

Новизна данной модели состоит в том, что был 
доработан и выделен блок в структуре, который обес-
печивается аутсорсингом – привлечением консуль-
тантов на специализированные проекты. 

Подсистема оперативного управления закупками 
получает от стратегического управления (этап 1) пер-
воначальные и откорректированные планы приобре-
тения и использования внешних ресурсов и критерии 
формирования производственного заказа (потоки  
«Заявки», «Предварительные графики»). 

 

 
 

Рис. 1. Приемка, размещение и хранение МТЦ, координируемые информационной системой: 
УАТ – управление транспортом; ИС – информационная система; УЗУ – управление закупок 
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В свою очередь, подсистема оперативного управ-
ления (этап 2) с определенной периодичностью на-
правляет в подсистему стратегического управления 
отчетные данные о состоянии ресурсов и выпуске 
продукции, которые используются для осуществления 
стратегического контроля и стратегического регули-
рования закупок в логистической системе. 

Данная модель укрупненно состоит из двух эта-
пов. На первом этапе (рис. 3) выявляется потребность 
в материалах и комплектующих согласно плану  
выпуска продукции. На данном этапе анализируется 
внешняя информация от поставщиков, определяются 
предварительные графики потребности в закупке  
необходимых материалов и комплектующих с учетом 
существующих нормативов, осуществляется пролон-
гация договора с поставщиками в результате проведе-
ния мониторинга выполнения условий договоров  
по срокам, ценам, количеству, качеству и другим па-
раметрам поставок и необходимого для них сервиса,  
а также ведется поиск новых поставщиков, если  
в этом есть необходимость. 

Вся поступающая рыночная информация (прогнозы 
цен на ресурсы, величина инфляции, спрос на про-
дукцию промышленного на значения и т. д.) обраба-
тывается в планово-экономическом отделе, где и раз-
рабатывается впоследствии алгоритм формирования 
оптимальной производственной программы, прово-
дятся соответствующие экономические расчеты для 
выявления общих затрат на осуществление всех опе-
раций. 

В соответствии с утвержденным планом поставок 
на втором этапе (рис. 4) решаются вопросы складиро-

вания, транспортировки материалов и комплектую-
щих внутри предприятия (в производственные цеха, 
вспомогательные подразделения предприятия) на ос-
новании документов, регламентирующих эти сферы 
деятельности, а также определяются временные  
интервалы их поступления на склад и частота поставок. 

Заключение. Координация действий и взаимо-
связь между всеми подразделениями предприятия,  
установление деловых отношений с поставщиками  
и потребителями обеспечивают введение предприятия 
в единую макрологистическую систему, а также эко-
номический, производственный и организационный 
эффекты. 

Положительными эффектами от использования 
информационной системы в качестве основы управ-
ления логистическими потоками внутри предприятия 
можно назвать регламентацию процесса приемки, 
получения и хранения  МТЦ, стандартизацию процес-
са передачи информации между подразделениями, 
получение актуальной информации в короткий срок, 
определение границ ответственности участников про-
цесса, повышение уровня автоматизации процессов 
приемки, размещения и хранения МТЦ, сокращение 
влияния человеческого фактора, сокращение времен-
ных потерь, сокращение бумажного документооборо-
та. В процессе мозгового штурма также была предло-
жена идея выделения отдельного подразделения логи-
стики предприятия, так как увеличиваются объемы 
перевозок как по стране, так и за рубежом, присутст-
вует необходимость четкой координации движения 
материальных ценностей как на предприятии, так  
и от поставщиков.  

 

 
 

Рис. 2. Модель процесса управления закупками 
 

Fig. 2. Model of the process of purchasing management 
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Рис. 3. Первый этап модели процесса управления закупками 
 

Fig. 3. The 1st stage of the model of the process of purchasing management 
 

 
 

Рис. 4. Второй этап модели процесса управления закупками 
 

Fig. 4. The 2nd stage of the model of the process of purchasing management 
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