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OBJECT TRACKING WITH DEEP LEARNING 

 
V. V. Buryachenko*, A. I. Pahirka 
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Tracking objects is a key task of video analytics and computer vision, which has many applications in various fields. 

A lot of tracking systems include two stages: detecting objects and tracking changes in the position of objects. At the 
first stage, objects of interest are detected in each frame of the video sequence, and at the second, the correspondence 
of the detected objects in neighboring frames is assessed. Nevertheless, in difficult conditions of video surveillance, this 
task has a number of difficulties associated with changing the illumination of the frame, changing the shape of objects, 
for example, when a person is walking, and the task is also complicated in the case of camera movement. The aim of the 
work is to develop a method for tracking objects on the basis of deep learning, which allows to track several objects in 
the frame, including those in the rough conditions of video surveillance. The paper provides an overview of modern 
methods for solving objects tracking tasks, among which the most promising one is deep learning neural networks ap-
plication. The main approach used in this paper is neural networks for detecting regions (R-CNN), which has proven to 
be an effective method for solving problems of detection and recognition of objects in images. The proposed algorithm 
uses an ensemble containing two deep neural networks to detect objects and to refine the results of classification and 
highlight the boundaries of the object. The article evaluates the effectiveness of the developed system using the classical 
in the field MOT(Multi-Object tracking) metric for objects tracking based on the known databases available in open 
sources. The effectiveness of the proposed system is compared to other well-known works. 

 
Keywords: intelligent systems, deep learning, motion estimation, convolutional network for regions classification 

(R-CNN). 
 

МЕТОДЫ СЛЕЖЕНИЯ ЗА ОБЪЕКТАМИ С ПРИМЕНЕНИЕМ ГЛУБОКОГО ОБУЧЕНИЯ 
 

В. В. Буряченко*, А. И. Пахирка 

 
Сибирский государственный университет науки и технологий имени академика М. Ф. Решетнева 
Российская Федерация, 660037, г. Красноярск, просп. им. газеты «Красноярский рабочий», 31 

*E-mail: buryachenko@sibsau.ru 
 
Слежение за объектами является ключевой задачей видеоаналитики и компьютерного зрения, которая 

имеет множество применений в различных областях. Большинство систем слежения включают в себя два 
этапа: обнаружение объектов и отслеживание изменения положения объектов. На первом этапе осуществ-
ляется обнаружение объектов интереса в каждом кадре видеопоследовательности, а на втором выполняется 
оценка соответствия обнаруженных объектов в соседних кадрах. Тем не менее в сложных условиях видеонаб-
людения данная задача имеет ряд особенностей, связанных с изменением освещенности кадра, изменением 
формы объектов, например при ходьбе человека, а также усложняется в случае движения камеры. Целью ра-
боты является разработка метода слежения за объектами на основе нейронных сетей глубокого обучения, 
который позволяет осуществлять отслеживание нескольких объектов в кадре, в том числе и в сложных усло-
виях видеонаблюдения. В работе выполнен обзор современных методов решения задач слежения за объектами, 
среди которых наиболее перспективным подходом является использование сетей глубокого обучения. Основ-
ным используемым подходом в данной статье являются нейронные сети для обнаружения регионов (R-CNN), 
которые показали себя эффективным методом для решения задач обнаружения и распознавания объектов  
на изображениях. Предложенный алгоритм использует ансамбль, содержащий две глубокие нейронные сети 
для обнаружения объектов и уточнения результатов классификации и выделения границ объекта. В статье 
выполнена оценка эффективности разработанной системы с использованием классической метрики MOT  
в области слежения за объектами на известных базах данных, доступных в открытых источниках. Проведено 
сравнение эффективности предложенной системы с другими известными работами. 

 
Ключевые слова: интеллектуальные системы, глубокое обучение, оценка движения, сверточная сеть для 

классификации регионов.  
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Introduction. In recent years, methods of measuring 
motion and tracking objects have achieved impressive 
results. Works on monitoring the movement of people in 
public places, facial recognition methods, suspicious ob-
jects detection and people’s deviant behavior are practical 
applications for improving security. Video sequence sta-
bilization methods are also widely used in video analytics 
as well as to improve the convenience of operators’ work 
with surveillance systems. Stabilization eliminates unin-
tentional video jitter, while preserving directed motions 
and camera panning. 

Most of the tasks discussed are based on the use of 
high-level video sequence analysis, motion estimation, 
and object tracking techniques, which require demanding 
tasks to detect and track special points in video sequence 
frames. The application form proposes to use modern 
deep learning technologies to improve quality and reduce 
computational and time costs for performing motion esti-
mation and stabilizing video sequences. 

Review of publications. Deep neural networks have 
proved to be one of the best technologies for solving nu-
merous problems related to digital image processing. The 
greatest success was demonstrated by convolutional neu-
ral networks containing from 10 to 300 layers, when solv-
ing image recognition problems [1], semantic analysis of 
texts [2] and training with reinforcement [3]. Recent stud-
ies have shown the effectiveness of artificial neural net-
works of complex structures when solving problems of 
motion analysis [4; 5] and evaluating optical flow [6; 7], 
as well as the possibility of using such technologies to 
stabilize video sequences [8]. One known approach used 
to detect and track objects is to estimate the visibility in 
the frame [9; 10]. 

This paper examines methods of tracking moving ob-
jects using deep learning approaches. To improve the 
quality of the algorithm, a convolutional network is used 
to classify regions (R-CNN) and methods for stabilizing 
the received video material. Visual tracking of objects is a 
classical computer vision task in which the position of the 
target is determined in each frame. This area of research 
remains in demand due to the large number of practical 
tasks based on tracking various objects. The algorithms 
used in this field are also improving, and allow to solve 
highly complex problems, such as occlusion, changing the 
position and shape of objects, people’s appearance, light-
ing and presence of a complex background with various 
textures. In this regard, the publications offer a number of 
algorithms and approaches aimed at solving various track-
ing problems and improving the overall performance of 
object tracking. 

Tracking of objects. A typical tracking system con-
sists of two main models, the motion model and the ap-
pearance model. The motion model is used to predict the 
target location in the subsequent frame, similarly to the 
use of the Kalman filter or particle filter to simulate the 
target motion. The motion model can also be simple, for 
example including linear motion, on the basis of which 
several more complex trajectories are built; and more 
complex, which track objects taking with respect to 
changes in direction and speed of movement. To speed up 
the motion evaluation process, a motion value assumption 
is proposed within the search box around the previous 

location of the object. On the other hand, the appearance 
model is used to describe the target and check the pre-
dicted location of the target in each frame. Appearance 
models can use generative and discriminatory methods. In 
generative methods, tracking is performed by searching 
for a region most similar to an object. Discriminatory 
methods use a classifier that allows to distinguish between 
the object and the background. In general, the appearance 
model can be updated during system operation, taking 
into account required changes to objects. This allows, for 
example, to continue tracking a person when turning or 
tilting a body. 

Traditionally, motion tracking algorithms have used 
manually calculated functions based on pixel intensity, 
color, and histogram of oriented gradients (HOG) to rep-
resent the target in generative or discriminatory descrip-
tion models. Although they achieve satisfactory perform-
ance under certain conditions, they are not resistant to 
major changes in the appearance of objects. Deep training 
using Convolution Neural Networks (CNN) has recently 
significantly improved the performance of various com-
puter vision applications. 

This approach also affected visual tracking of objects 
and partially allowed to overcome difficulties and get 
better performance compared to the methods used earlier. 
In CNN-based tracking systems, the object appearance 
model is based on convolutional network training, and the 
classifier is used to mark the path on the image as belong-
ing to the object or background. CNN-based systems have 
achieved a modern level of efficiency even using simple 
off-line motion models without retraining. However, such 
systems usually experience high computational loads due 
to the large number of possible trajectories of objects dur-
ing the stages of neural network training and objects 
tracking. 

A promising trend in the field of object tracking is the 
tasks associated with the analysis of a large number of 
people in a frame (Multi-object tracking (MOT)). This 
task has two stages: detecting objects and associating 
them in different frames. During the first stage, desired 
objects are detected in each frame of the video stream, 
where the objects may be different depending on the de-
tector used. The quality of detection directly affects the 
performance of the tracking system. The second stage 
includes searching for a match between detected objects 
in the current frame and the previous one to estimate their 
motion paths. The high accuracy of the object detection 
system results in fewer missing objects and more stable 
trajectories. However, at the same time, excessive retrain-
ing of the detection system can reduce the quality of the 
system when changing object parameters. Applying addi-
tional approaches when solving the problem of associat-
ing objects in different frames can improve the quality of 
tracking complex objects with changing parameters. The 
accuracy of object detection can be increased by using a 
convolutional neural network based on deep learning. 
Objects are merged based on appearance and improved 
motion functions. 

R-CNN-based object tracking system. One of the 
areas of research is the development of an algorithm that 
allows to improve tracking objects accuracy by using a 
convolutional network for classifying regions (R-CNN) 



 
 
 

Сибирский журнал науки и технологий.  Том 21,  № 2 
 

 152

and increasing the speed of the system to close to real 
time evaluation. A convolutional network allows to clas-
sify an area as belonging to an object or background, and 
at the same time, the characteristic map obtained during 
the network operation is also used to perform approximate 
localization of objects and allows to reduce the time for 
evaluating matches between them. 

Practical experiments were conducted applying the 
neural network to classify regions, the structure of which 
is shown in tab. 1. The main task is to track several types 
of objects in a frame: people and cars. Proposed method 
includes components of human detection, prediction of 
objects position in subsequent frames, association of de-
tected objects and control of selected objects cycle. The 

most widely known object detection algorithm is YOLO 
[24], which is fast enough to detect several objects in real 
time, but has insufficient accuracy, leading to trajectories 
fragmentation and complexities with identifying detected 
objects. 

The basic diagram of the developed system is shown 
in fig. 1. With the development of deep learning-based 
algorithms, detection of objects in complex conditions has 
become much easier. A key component of the algorithm is 
a convolutional region detection network (R-CNN). 

During the first stage, a region proposal network 
(RPN) generates bindings to regions in the image that 
have a high probability of an object presence. This proc-
ess is divided into three steps.  

 
Table 1 

Convolutional region network parameters 
 

Layer name Filter dimensions Step Number of layer outputs 
Conv 1 3 × 3 1 32×128×6432×128×64 
Conv 2 3 × 3 1 32×128×6432×128×64 
Max pool 1 3 × 3 2 32×64×3232×64×32 
Residual block 1 3 × 3 1 32×64×3232×64×32 
Residual block 2 3 × 3 1 32×64×3232×64×32 
Residual block 3 3 × 3 2 64×32×1664×32×16 
Residual block 4 3 × 3 1 64×32×1664×32×16 
Residual block 5 3 × 3 2 128×16×8128×16×8 
Residual block 6 3 × 3 1 128×16×8128×16×8 
Dense layer 1  – 128 
Batch norm  – 128 

 
 

 
 

Fig. 1. The structure of the proposed object tracking system and objects classification 
 

Рис. 1. Структура предложенной системы для отслеживания и классификации объектов  



 
 
 

Информатика, вычислительная техника и управление 
 

 153

The first one includes a feature extraction process us-
ing a convolutional neural network. Convolution object 
maps are generated on the last layer. The second step uses 
the sliding window approach on these object maps to cre-
ate blocks containing objects. The block parameters are 
refined in the next step to indicate the presence of objects 
in them.  

Finally, in the third step, the generated masks are re-
fined using a simpler network that calculates a loss func-
tion for selecting key blocks containing objects. For a 
neural network, proposing regions is a necessary step in 
extracting convolution functions that are calculated using 
the main network. 

Pilot studies. Effectiveness of the object tracking al-
gorithm was assessed using more than 10 video sequences 
from open databases: KITTI Vision Benchmark Suite 
[11], Drones Dataset [12], MOT16 [13], containing more 
than 20,000 frames for which the boundaries of objects of 
interest were indicated: people and machines. Scenes vary 
significantly in terms of background, lighting conditions, 
and how the camera moves. The study allows to deter-
mine the accuracy of detecting and tracking moving ob-

jects in accordance with the known metric Clear MOT 
(1), showing the ratio of correctly detected pixels in the 
image belonging to objects of interest to a known value 
(Ground Truth) [14]: 

 

 _

MOTA 1 ,
t t t

t

t
t

FP FN ID Sw

GT

 
 




 

 

where t  – the frame number of the video sequence; GT  – 
a valid value indicating the number of pixels containing 
the object of interest; FP and FN are false positive and 
false negative detectors respectively; ID_Sw is the thresh-
old for changing object  identity due to complex trajecto-
ries and noise during observation. 

Tab. 2 shows the main results of object tracking sys-
tem operation on various video sequences, as well as the 
scene parameters. Fig. 2 shows examples of object track-
ing. 

Tab. 3 presents the assessment of the basic object 
tracking system quality parameters in comparison with 
other modern systems.  

 
 

Table 2 
Tracking system efficiency assessment 

 

Video sequence name Resolution FPS Number of frames Camera motion MOTA 
MOT16_07 [13] 1920×1080 30 500 Y 64.1 
DJI_0574 [12] 3840×2160 60 960 Y 78.5 
Bluemlisalphutte Flyover [12] 1280×720 60 990 Y 75.8 
Berghouse Leopard Jog [12] 1280×720 30 1110 N 63.2 
Kitty_0016 [11] 1920×1080 30 509 Y 58.1 
Kitty_0018 [11] 1920×1080 60 179 Y 61.4 
Kitty_0024 [11] 1920×1080 30 315 N 63.7 

 
 

 
 

Fig. 2. Object racking examples of testing videos 
 

Рис. 2. Примеры отслеживания объектов тестовых видеопоследовательностей 
 
 

Table 3 
Assessment of different object tracking systems efficiency 

 

 MOTA MOTP FP FN Runtime 
KNDT 68.2 79.4 11,479 45.605 0.7 Hz 
POI 66.1 79.5 5061 55.914 10 Hz 
SORT 59.8 79.6 8698 63.245 60 Hz 
Deep Sort 61.4 79.1 12.852 56.668 40 Hz 
Proposed system 60.8 79.8 3855 37.45 42 Hz 
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Conclusion. As a result, the system has been devel-
oped to track various objects for video surveillance  
and video analytics. Features of the algorithm are pseudo-
real speed: 25–35 frames per second at the resolution  
of 1920 × 1080, as well as high quality of object tracking, 
which is associated with the use of the neural network  
to clarify the detected regions. To improve operator con-
venience and video analysis system quality, the system 
includes video sequence stabilization techniques that im-
prove both real-time video and existing video by eliminat-
ing unintentional jitter. 
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VOLUME TEMPERATURE CONTROL AT AUTOMATED HIGH-FREQUENCY PROCESSING  

OF POLYMER AND COMPOSITE MATERIALS 
 

V. S. Bychkovsky*, D. V. Butorin, D. V. Bakanin, N. G. Filippenko, A. V. Livshits 
 

Irkutsk State Transport University 
15, Chernyshevsky Av., Irkutsk, 664074, Russian Federation 

*E-mail: bikovskii_vs@mail.ru 
 
The purpose of this work is to develop and justify a method for volumetric temperature control of a polymer and 

composite material in automated high-frequency processing. The developed method is implemented by introducing 
thermocouples into the prism-shaped or cube-shaped sample body according to a certain pattern of their location 
throughout the volume. This technique is cost-effective and easy to implement compared to expensive and specialized 
equipment with complex design, as well as to the cost of thermocouples having a simple design. 

Methods to achieve the purpose of the research of the contact method of volumetric temperature of a polymer or 
composite sample control are development and outlining thermocouples throughout the volume so as to identify the 
most accurate temperature spectrum of the polymer or composite sample during automated high-frequency processing. 
Another method to achieve this purpose is the method of finding out how it will affect the measurements accuracy of the 
heating sample temperature from the introduction of thermocouples by making holes in it for installation. For this, a 
finite-difference mathematical calculation of the dependence of the sample temperature on the number of holes for 
thermocouples in it was performed in the MSC Patran Sinda software package. The calculation results were summa-
rized and presented on graphic data. Further, a general mathematical calculation was performed according to the for-
mulas for the process of heat and mass conductivity calculation, the results of which were table and graphic data. 

At the end of the finite-difference and general mathematical calculation, a comparative analysis of the obtained er-
ror of temperature measurement from the introduction of thermocouples into the body of the sample was performed. 
Based on this analysis, the developed method is applicable for further research on automated high-frequency process-
ing of polymer and composite materials, since the errors obtained do not exceed the permissible 3 %. 

 
Keywords: polymers, high-frequency heating, finite-element mathematical model, general mathematical model. 
 
 

ОБЪЕМНЫЙ КОНТРОЛЬ ТЕМПЕРАТУРЫ ПРИ АВТОМАТИЗИРОВАННОЙ  
ВЫСОКОЧАСТОТНОЙ ОБРАБОТКЕ ПОЛИМЕРНЫХ И КОМПОЗИЦИОННЫХ  

МАТЕРИАЛОВ 
 

В. С. Бычковский*, Д. В. Буторин, Д. В. Баканин, Н. Г. Филиппенко, А. В. Лившиц 
 

Иркутский государственный университет путей сообщения 
Российская Федерация, 664074, г. Иркутск, ул. Чернышевского, 15 

*E-mail: bikovskii_vs@mail.ru 
 
Целью данной работы является разработать и обосновать способ объемного контроля температуры  

полимерного и композиционного материала при автоматизированной высокочастотной обработке. Разрабо-
танный способ реализуется путем внедрения термопар в тело образца по форме призмы или куба по опреде-
ленной схеме их расположения по всему объему. Данная методика проста в реализации и экономически выгод-
на по сравнению со стоимостью дорогого и специализированного оборудования со сложной конструкцией  
и самих термопар, имеющих простую конструкцию. 

Методами достижения поставленной цели исследований контактного способа объемного контроля тем-
пературы полимерного или композиционного образца являются разработка и построение схемы расположения 
термопар по всему объему так, чтобы выявить наиболее точно температурный спектр полимерного или ком-
позиционного образца при автоматизированной высокочастотной обработке. Разработана схема располо-
жения термопар. Следующим методом для достижения поставленной цели стал метод выяснения влияния  
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на точность измерений температуры нагрева образца в зависимости от внедрения в него термопар за счет 
выполнения в нем отверстий для их установки. Для этого выполнен конечно-разностный математический  
расчет зависимости температуры образца от количества отверстий под термопары в нем в программном 
комплексе MSC Patran Sinda. Результаты расчета сведены и представлены на графических данных. Далее был 
выполнен общий математический расчет по формулам расчета процесса тепло- и массопроводности. Итога-
ми данного расчета стали таблица и графические данные. 

По окончании конечно-разностного и общего математического расчета произведен сравнительный анализ 
полученной погрешности измерения температуры от внедрения термопар в тело образца. Исходя из этого 
анализа, можно сказать, что разработанная методика применима для дальнейшего исследования автомати-
зированной высокочастотной обработки полимерных и композиционных материалов, так как полученные  
погрешности не превышают допустимых 3 %. 

 
Ключевые слова: полимеры, высокочастотный нагрев, конечно-элементная математическая модель, общая 

математическая модель. 
 
Introduction. To enhance operational and strength 

properties of increased durability achievement, to improve 
polymers and composites service life and to prevent dry start 
during operation, oil-filled polymer and composite antifric-
tion materials are created using developed technology of 
high-frequency oil filling [1]. At the same time, implementa-
tion of the method has one problem in the course of process 
automation due to the need of constant sample temperature 
volumetric control during drying and self-filling [1–6]. 
Research in this field proves to be a pressing task. 

Purpose and tasks. To develop a contact method for 
measuring a polymer sample temperature throughout the 
volume during high-frequency processing. 

In order to achieve this goal, the following tasks were 
defined: 

– outlining thermocouples location in the polymer 
sample body; 

– constructing a finite-element mathematical model by 
calculating the effect of thermocouples quantity on the 
sample heating during high-frequency processing. 

– constructing a general mathematical model by calcu-
lating the effect of thermocouples quantity on sample 
heating during high-frequency processing. 

– making comparative analysis of the obtained results. 
Background data. Sample from material PA6 Speci-

fication 224-001-78534599–2006; overall dimensions,  
50 × 50 × 4 mm; density, 1120 kg/m3; specific heat capacity, 
1601 J/kg K; thermal conductivity, 0.23 W/(m · K). Thermo-
couple (TС) chromel-alumel; weld diameter, 0.25 mm; 
wire diameter, 0.1 mm; hole dimensions, 0.25 × 25 mm 
[7–10]. 

Preliminary layout of thermocouples in the sample  
is shown in fig. 1. 

Finite-difference mathematical calculation. 
Сonstruction of a finite-difference mathematical model 
based on the calculation of the number of thermocouples 
effect on the sample heating during high-frequency proc-
essing was carried out in the MSC Patran Sinda software 
complex (fig. 2, tab. 1).  

 
 

 
 

Fig. 1. Layout of thermocouples in the sample 
 

Рис. 1. Схема расположения термопар в образце 
 



 
 
 

Информатика, вычислительная техника и управление 
 

 157

 
 

Fig. 2. The finite-difference mathematical model of the prototype 
 

Рис. 2. Конечно-разностная математическая модель опытного образца 
 
 
 

Table 1 
Summary of calculation results MSC Patran Sinda 

 

Quantity of thermo-
couples, in pcs. 

Symmetry plane temperature, оС Body surface temperature, оС Hole walls temperature, оС 

0 220.746 202.701 – 
1 221.500 203.516 220.251 
2 221.546 203.538 220.263 
3 221.625 203.569 220.282 
4 221.630 203.558 220.271 
5 221.678 203.575 220.293 

 
 
As boundary conditions, the following ones were 

adopted: volumetric heating power constant, 10 W;  
convective thermal conductivity coefficient constant,  
10 W/(K · m2); ambient temperature, 20 оC [11–14]. 

According to the results of the calculations of MSC 
Patran Sinda given in tab.1, the diagram (fig. 3)  
of the temperature dependence on the number of holes for 
thermocouples in the polymer sample has been con-
structed. 

From the obtained graphic data, it can be concluded 
that with high-frequency heating, as the number of holes 
in the body increases, the temperature of the polymer 
sample increases throughout the volume. 

Calculation of error from thermocouples in polymer 
sample installation is done by formula 
 

withoutTC
1

5 TC

100
100

T

T


     

220,746 100
100 0,34 %

221,500


   ,                 (1) 

 

where ТwithoutTC – temperature in the body of a polymeric 
sample without holes, оС; T5TC – temperature in the poly-
meric sample body with 5 holes,  оС. 

Results of finite-element mathematical model con-
struction showed that calculated error value does not ex-
ceed permissible value of 3 % [15]. 

General mathematical calculation. General mathe-
matical model construction by calculating the effect of 

thermocouples number on sample heating during high-
frequency processing. 

The process of volumetric heating of the polymer 
sample with dimensions of 50×50×4 mm, from internal 
heat sources can be referred to as a particular case of 
thermal conductivity of a homogeneous plate. 

Heat sources are evenly distributed throughout the 
volume, qv = const. Convective heat transfer coefficient,  
α = const and ambient temperature Tair = const. Due  
to uniform cooling, the temperatures of both surfaces are 
the same [16; 17]. 

Under these conditions, the temperature of the plate 
will vary only along the x-axis (fig. 4) normal to the sur-
face of the body.  

The temperatures on the axis of the plate and on its 
surface are indicated through T0 and Tsurface, respectively; 
these temperatures are unknown. In addition, it is neces-
sary to find the temperature distribution in the plate and 
the amount of heat supplied to the environment according 
to formula 
 

2 2( ) ( ),
2

,

v v
air

q q
T x T x

x

 
    

 
   

,         (2) 

 

where Tair – ambient temperature (air), 20 °C; – con- 
vective heat transfer coefficient, 10 W/( deg m2);  
λ  – polymer thermal conductivity coefficient (PA 6), 
0.26 W/( deg m); δ – extreme position of the point in 
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contact with the environment, 0.002 m; vq – volumetric 

productivity of internal heat sources, W/m3. 
Volumetric capacity of internal heat sources is calcu-

lated according to formula 

,v
Q

q
V

                                   (3) 
 

where Q – thermal power from each internal heat source, 
10 W; V – body volume, m3. 

The results of internal heat sources volumetric produc-
tivity calculations are summarized in tab. 2. 

Body surface temperature (x =  ) 
 

v
surface air

q
T T


 


.                     (4) 

 

Symmetry plane temperature (x = 0) 
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0 2
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T T
 

 


.                     (5) 
 

The results of temperature calculations on the surface 
of the body and on the plane of symmetry are summarized 
in tab. 3. 

Let the boundary conditions of the third type be given, 
i. e. the ambient temperature on the outside surface and 
the constant heat transfer coefficient on the outside sur-
face (fig. 5) [17–19]. 

Temperature field dependence, formula 
 

2 2 22

( )
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1 1 2ln ,
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where r  – radius of the hole for thermocouple,  

0.000125 m. 
Temperature difference between body surface and 

heat-release surface of the hole wall, formula 
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v r
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hence 
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2 ln 1 .
4

v r
hole surface

r r

q
T T

               
,      (8) 

 
 
 

where Thole – hole wall temperature,°С 
The results of the hole wall temperature calculations 

are given in tab. 3, fig. 6.   
 

 
 

 
 

Fig. 3. Calculation results of MSC Patran Sinda 
 

Рис. 3. Результаты расчетов MSC Patran Sinda 
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Fig. 4. Calculation scheme of thermal conductivity 
of a homogeneous plate 

 
Рис. 4. Расчетная схема теплопроводности  

однородной пластины 
 
 
 

Table 2 
Summary of internal heat sources volumetric productivity calculations results 

 

Quantity of thermocouples, pcs. V, m3 qv, W/m3 

0 1.00000·10–5 1.000·106 

1 9.99877·10–6 1.001·106 
2 9.99754·10–6 1.002·106 
3 9.99631·10–6 1.004·106 
4 9.99508·10–6 1.005·106 
5 9.99385·10–6 1.006·106 

 
 
 

 
 
 

Fig. 5. Calculation diagram of the temperature  
on the wall of the hole 

 
Рис. 5. Расчетная схема температуры  

на стенке отверстия 
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Table 3 
The results of temperature calculations on the body surface, symmetry plane and on the walls of the hole 

 

Quantity of thermocouples, 
pcs. 

Tsurface, °С
 

0T , °С Thole,°С
 

0 220.000 227.692 – 
1 220.246 227.948 224.029 
2 220.493 228.204 224.280 
3 220.741 228.462 224.553 
4 220.989 228.719 224.785 
5 221.238 228.978 225.039 

 
 
 

 
 

Fig. 6. Results of the General mathematical calculation 
 

Рис. 6. Результаты общего математического расчета 
 

 
From the obtained dependencies it can be seen that as 

the holes in the body increase, the temperature both on the 
surface of the sample and on the wall of the hole in-
creases.  

This can be explained by decrease in the sample vol-
ume, which entails an increase in the volumetric produc-
tivity of internal heat sources under continuous power.  

Calculation of error from thermocouples installation  
in polymer sample (1) 

 

2
5 TC

100 227,692 100
100 100 0,57 %.

228,978
withoutTCT

T

 
       

 

where ТwithoutTC –  temperature inside the polymeric body 
sample without holes, оC; Т5ТC – temperature inside the 
polymeric body with 5 holes, оС. 

The results of the general mathematical model showed 
that the calculated error value does not exceed the permis-
sible 3 %. 

Comparative analysis. Error calculation from the 
number of holes for thermocouples was made applying 
the finite-element model in the software complex MSC 
Patran Sinda (0.34 %) and the general mathematical 
model according to the calculated formulas (0.57 %). The 
result of the study is the compliance of the chosen method 
of mathematical model construction with the result of 

finite-element analysis, as well as the correctness of 
polymer sample temperature measuring method. 

Conclusion. In the present work, a method of deter-
mining the polymer sample body temperature throughout 
entire volume has been developed. This method has been 
implemented with the introduction of thermocouples into 
the polymer or composite body sample. 

For the constructed layout of thermocouples in the 
body of the polymer sample to control the temperature of 
volumetric heating during high-frequency processing, the 
applicability of this scheme has been mathematically jus-
tified. Comparative analysis of measurement error due  
to sample volume change caused by the introduction  
of thermocouples not exceeding permissible 3 % [1] has 
been carried out. 

This method has been planned for further application 
in automated high-frequency oil filling process [2], 
namely, for identification of the parameters of the filling 
process with a liquid plasticizer by monitoring the change 
in thermocouple readings. 
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Inspection of underwater objects, such as underwater archaeological sites, sunken technical objects, and under wa-

ter located technical structures, requires the use of specially trained divers, manned or unmanned, remotely operated or 
autonomous underwater vehicles. 

A relatively rarely used design for such underwater vehicles is a design in the form of a quadrotor with positive 
buoyancy. 

This article discusses the design and the control system of the remotely operated underwater vehicle in the form  
of a quadrotor. The aim of the work is the selection and justification of the shape of the vehicle, the selection  
of the optimal structure of the control system with the expectation of the subsequent use of the vehicle as an autonomous 
one. 

The potential advantages of the selected design in the form of a quadcopter with a cylindrical body are described, in 
particular, the large volume of the sealed space of the vehicle, the possibility of installing capacious power sources, the 
potential for stabilizing the vehicle in a given position if there is a current at the place of work. 

The sealed case of the device is designed to place control electronics, power electronics and battery power of the 
device. The selection and justification of the shape of the sealed enclosure were made using a hydrostatic modeling ap-
paratus and theoretical mechanics. A solid cylinder made of polycarbonate was selected as a form of the sealed housing 
of the vehicle. The advantage of the selected form in comparison with the parallelepiped-shaped case is shown under 
the condition of the same material parameters. 

The control system of the device includes software and hardware components. The choice of hardware components 
is justified, their key characteristics are described. As the control device of the top level, a single board computer (SBC, 
Single Board Computer) Orange Pi PC was selected, the direct control of the motor of the vehicle is performed using 
the Cortex-M3 microcontroller. The software architecture of the device is described. The choice of architecture is de-
termined by the requirements of poorly connected components (which makes it easy to replace particular software  
elements without the need to modify the other elements), the simplicity of the potential replacement of the top-level  
control modules (which potentially allows switching from a remote control model to an autonomous control model). 
Some software components are described. The control system is implemented with the high-level language Python ver-
sion 3.7, the basis of the control mechanism is message passing, the MQTT protocol maintained by the Mosquitto server 
is selected as a messaging mechanism. 

Testing of the vehicle was carried out in pools with standing water and with a simulated current. Testing showed the 
need to gain experience to control the underwater vehicle. 

The study will allow us to further develop a new version of the underwater vehicle, taking into account the wishes 
and identified problems. 

 
Keywords: robotics, underwater archaeology, underwater vehicle, quadcopter, control system, hardware-software 

complex. 
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Обследование подводных объектов, таких как подводные археологические памятники, затонувшие техни-

ческие объекты, технические сооружения, расположенные под водой, требует использования специально под-
готовленных водолазов, обитаемых или необитаемых дистанционно-управляемых или автономных подводных 
аппаратов. 

Относительно редко используемой конструкцией для таких подводных аппаратов является конструкция 
квадрокоптера с положительной плавучестью. 

В предлагаемой статье рассматривается конструкция и система управления подводного необитаемого 
дистанционно-управляемого аппарата в форме квадрокоптера. Целью работы является выбор и обоснование 
формы корпуса аппарата, оптимальной структуры системы управления с расчетом на последующее исполь-
зование аппарата в качестве автономного. 

Описаны потенциальные преимущества выбранной конструкции в форме квадрокоптера с цилиндрическим 
корпусом, в частности, большой объем герметичного пространства аппарата, возможность установки  
емких источников питания, потенциальная возможность стабилизации аппарата в заданном положении  
при наличии течения в месте проведения работ. 

Герметичный корпус аппарата предназначен для размещения управляющей электроники, силовой электро-
ники и элементов питания аппарата. Выбор и обоснование формы герметичного корпуса выполнены с исполь-
зованием аппарата гидростатического моделирования и теоретической механики. В качестве формы герме-
тичного корпуса аппарата выбран цельный цилиндр, выполненный из поликарбоната. Показано преимущество 
выбранной формы по сравнению с корпусом в форме параллелепипеда при условии одинаковых параметров ма-
териала. 

Управляющая система аппарата включает в себя программные и аппаратные компоненты. Обоснован вы-
бор аппаратных компонентов, описаны их ключевые характеристики. В качестве управляющего устройства 
верхнего уровня выбран одноплатный компьютер (SBC, Single Board Computer) Orange Pi PC, непосредственно 
управление двигателями аппарата осуществляется при помощи микроконтроллера Cortex-M3. Описана  
архитектура программного обеспечения аппарата. Выбор архитектуры обусловлен требованиями слабой 
связности компонентов (что позволяет легко заменять отдельные элементы программного обеспечения без 
необходимости модификации остальных элементов), простотой потенциальной замены управляющих модулей 
верхнего уровня (что потенциально позволяет перейти от модели дистанционного управления аппаратом  
к автономной модели управления). Описаны отдельные компоненты программного обеспечения. Управляющая 
система реализована на языке высокого уровня Python версии 3.7, основой механизма управления является  
передача сообщений, в качестве среды обмена сообщениями выбран протокол MQTT с реализацией в виде  
сервера Mosquitto. 

Тестирование аппарата проводилось в бассейнах со стоячей водой и имитацией течения. Тестирование 
показало необходимость получения опыта для управления подводным аппаратом. 

Проведённое исследование позволит в дальнейшем разработать новую версию подводного аппарата  
с учётом пожеланий и выявленных проблем. 

 
Ключевые слова: робототехника, подводная археология, подводный аппарат, квадрокоптер, система 

управления, программно-аппаратный комплекс. 
 
Introduction. In 2016 Alexander Goncharov and Ni-

kolay Karelin (historians and lecturers at Reshetnev Sibe-
rian State University of Science & Technology) went on a 
research expedition to the north of the Krasnoyarsk Terri-
tory in search of the sunken English ship „Thames”. They 
passed along the Yenisei River and the Yenisei Bay [1]. 
As a result of the undertaken studies, the location of this 
ship was determined. It is at the mouth of the Salnaya 
Kurya River [2]. 

Alexander Goncharov offered an idea to develop a 
remotely operated underwater vehicle designed for the 
exploration of underwater objects that have cultural, his-
torical or other value. 

The development team of Reshetnev Siberian State 
University of Science & Technology elaborated the con-
cept of a remotely operated underwater vehicle in the 
form of a quadcopter. In 2018, they developed and pre-
sented a prototype of this device (fig. 1), as well as soft-
ware for its use [3]. 

The main purpose of this underwater vehicle  
is the ability to conduct underwater archaeological re-
search. 

The advantage of the proposed design of the vehicle in 
the form of a quadcopter is the ability to hold a predeter-
mined position and position in moving aquatic environ-
ment.  

 



 
 
 

Информатика, вычислительная техника и управление 
 

 165

 
 

Fig. 1. The developed prototype of the underwater vehicle 
 

Рис. 1. Разработанный прототип подводного аппарата 
 

 
The originality of this development consists in the 

whole of the following distinctive features: 
– the implementation of the design of the underwater 

vehicle in the form of a quadcopter and its control system 
is based on the idea of the implementation of aircraft; 

– to control the underwater vehicle special software is 
used, it is available for use on mobile devices and per-
sonal computers; 

– the proposed concept of an underwater vehicle com-
bines the advantages of tethered and unmanned underwa-
ter vehicles. 

Case design. The exoskeletal structure of the under-
water vehicle is constructed as a hollow cylinder made of 
plastic. 

This form allows the vehicle to withstand high pres-
sure of the water column, and the calculations show that 
the maximum immersion depth of the vehicle is not 
caused by the shape and material of the exoskeletal struc-
ture, but by the sealing features of the side flanges. 

The first prototype of the device was made in the form 
of polypropylene pipes connected by means of a socket 
joint, closed with sealed lids. 

We have also considered the case made entirely with 
the use of 3D printing technology, however, the anisot-
ropy of the case and its relatively low structural strength 
forced to abandon this approach. 

In the future, it is planned to make the case as a single 
element in the form of a cylinder made of polycarbonate, 
with an external diameter of 110 mm and a wall thickness 
of 3 mm. 

For this option, we made the calculations of the 
strength of the case using the methodology published in 
[4; 5], which showed the structural stability of the case at 
depth of immersion of up to 100 m. 

A perforated metal plate serves as a chassis for the 
components located inside the body. 

The following elements are placed on the plate: 
– high-current Li-ion (lithium-ion) battery used as a 

main power source; 
– on-board computer Orange Pi PC; 
– MultiWii NanoWii control module based on a mi-

crocontroller with an ATmega32U4 processor; 
– four electronic speed controllers (ESCs) that control 

the brushless motors located outside the case. 
The metal plate chassis also serves as a heat sink, 

evenly distributing the heat released during the operation 
of the speed controllers, which contributes to its removal 
outside the case. 

Two square aluminum profiles are attached to the 
main part of the case, at the ends of which brushless mo-
tors with propellers are installed, designed for the move-
ment of the underwater vehicle in the aquatic environ-
ment. 

Some elements of the case, including driving propel-
lers, were developed in the OpenSCAD 3D modeling 
program and printed using a 3D printer. Upon the avail-
ability of a 3D printer, this approach makes it possible  
to get a kit of necessary elements for the purpose of their 
replacement in case of failure. 

The speed controller wires connecting the motors to 
the on-board control system are routed through sealed 
lead-ins (seals), which prevent water from entering the 
case. 

An important task is the transmission of video from 
the underwater vehicle. For these purposes, it is planned 
to install an on-board camera connected to the main con-
trol computer. This will allow using the device distantly 
as remotely operated. In the future it will be possible to 
put into operation the system of autonomous control of 
the device as well. 

Two methods of installing a camera on the device are 
considered: inside the exoskeleton structure (since it is 
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transparent), and in a separate case on the external struc-
tures of the device. Each approach has its own advantages 
and disadvantages. Thus, installing a camera inside the 
case allows reducing the number of tight joints, which 
increases the reliability of the device as a whole. How-
ever, it causes the need for post-processing of the image 
from the camera, since the cylindrical body of the device 
introduces distortions. Installing a camera from the out-
side will reduce the distortions introduced by the body of 
the device (or, more precisely, it reduces the requirements 
for the amount of post-processing of the image from a 
camera, since a camera is supposed to be placed under a 
spherical dome), but it creates potential leakage spots. 

It is planned to perform optimization of the shape of a 
driving propeller and the vehicle case as well [6]. 

Control system development. The main components 
of the control system are: 

– an operator whose workplace is located on board an 
expedition escort ship or on shore; the workplace is 
equipped with the means for displaying the video stream 
from the board of the underwater vehicle, as well as with 
controls; 

– a top-level control software module receiving opera-
tor’s commands (or from an autonomous control system) 
and translates them into the values of the state space vari-
ables of the device; 

– software of a low-level controller, ensuring the 
maintenance of set values of state space variables that 
controls the operation of electronic speed controllers. 

Let us consider the components of the control system 
of the underwater vehicle in more detail. The control sys-
tem complex consists of the following components: 

– an operator using a device with installed software 
designed to control the underwater vehicle; 

– a control device, which can be used as a smartphone, 
tablet or personal computer with installed software  
developed as part of this project, designed to send mes-
sages (commands) and receive video from an on-board 
camera; 

– Wi-Fi router, which is used to establish communica-
tion between the control device and the on-board com-
puter; 

– an on-board computer designed to broadcast video 
from an on-board camera and receive messages (com-
mands) from a control device, in order to transmit them to 
the multirotor controller for moving the underwater vehi-
cle; 

– a webcam designed to transmit video in order to 
monitor the environment; 

– a multirotor controller used to transmit speed values 
and the position of the vehicle in space to speed control-
lers; 

– electronic speed controllers (4 pcs.) that allow us to 
control the motors of an underwater vehicle with a given 
thrust; 

– motors (4 pcs.) that allow us to perform the move-
ment of the underwater vehicle in the aquatic environ-
ment. 

Fig. 2 shows the scheme of interaction of components 
of the control system complex. 

Four HobbyWing FlyFun 30A speed controllers and 
four RCX D2830/14 750kv brushless motors connected to 

them are used to move the device in the aquatic environ-
ment. 

The electronic components of the underwater vehicle 
are powered by a high-current Li-ion (lithium-ion) battery 
with the capacity of 1800 mAh. 

As an on-board computer, a single-board computer 
(microcomputer) with an operating system based on the 
Linux kernel is used. Initially, the Raspberry Pi Model B+ 
microcomputer was used in the underwater vehicle proto-
type, however, later it was replaced by the model Orange 
Pi PC to make it possible to install and use a webcam 
designed to monitor the environment and (potentially) 
recognize objects, since for broadcasting video images of 
optimal quality and the operation of a computer vision 
system, higher performance is required. 

The software structure of the vehicle is described  
in [7]. 

Up to date, the following control mechanisms for the 
underwater vehicle are developed: 

– a web server for using a joystick (gamepad) through 
the Gamepad API; 

– control of the underwater vehicle using a mobile de-
vice with the Android operating system. 

The connection of the operator’s workstation with the 
top-level control application is made using wireless and 
wire technologies, which include a Wi-Fi network to con-
nect the operator’s workplace with a Wi-Fi router, which, 
in turn, is connected to the on-board computer by an 
Ethernet cable. The on-board computer and Wi-Fi router 
use a wire connection to form a single access point. Thus, 
the necessary flexibility of communication of all system 
components is provided. 

For the exchange of messages (commands) between 
the control device and the on-board computer, the MQTT 
protocol is used with the implementation in the form of a 
Mosquitto server. 

To receive messages via the MQTT protocol from the 
control device and transmit them to the on-board com-
puter, and then send them to the multirotor controller, a 
program for the use on the on-board computer was devel-
oped in the Python programming language. 

The control of the vehicle motors is performed using 
the Arduino-compatible MultiWii NanoWii multirotor 
controller. The software being used makes it possible to 
cyclically receive values from the on-board computer and 
transfer them to speed controllers to operate the motors of 
the device with preselected thrust. The operation is per-
formed in the fixed coordinate system (roll, pitch, yaw). 
The program also allows keeping the horizontal position 
of the device in space, using the values of the gyroscope 
and accelerometer from the MPU-6050 sensor, embedded 
into the multirotor controller. When the underwater vehi-
cle deviates from the horizon, the rotation speed of the 
respective motors changes automatically in order to return 
the vehicle to a horizontal position. This ability protects 
the device from tipping over. 

To control this underwater vehicle, software for mo-
bile devices with the Android operating system and for 
personal computers with the Windows operating system 
are developed and tested [8]. 

The software for controlling the underwater vehicle al-
lows performing the following tasks: 



 
 
 

Информатика, вычислительная техника и управление 
 

 167

– control of the movement of the vehicle in the aquatic 
environment; 

– displaying streaming video from an installed cam-
era; 

– displaying the information received from installed 
sensors. 

It is possible to control the movement of the device 
using the program interface or a connected joystick 
(gamepad). 

Testing. This underwater vehicle has been repeatedly 
tested in pools with standing water, as well as in the water 
with simulated current. To test the device, two weight 
plates for a rod weighing 0.2 and 0.5 kg were attached to 
the case, since at the moment the device design has exces-
sive positive buoyancy. In the future, this will make it 

possible to equip the underwater vehicle with additional 
attached implements, such as equipment for sampling 
water, temperature sensors, salt sensors, etc. 

Testing in a pool with standing water showed that to 
control the underwater vehicle it is necessary to have an 
experienced operator with control skills. The installed 
motors had a high speed margin, therefore the speed of 
the motors was limited by software. When the underwater 
vehicle was submerged to the depth of 6 meters, there 
were not any problems. After a few minutes the vehicle 
was in the aquatic environment, there was no moisture 
inside the case. 

Testing the device in the pool with a simulated current 
of a depth of 0.5 m showed that it is difficult to control 
the underwater vehicle in such conditions. 

 
 

 
 

Fig. 2. Scheme of interaction of components  
of the control system complex 

 
Рис. 2. Схема взаимодействия компонентов комплекса  

системы управления 
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Fig. 3. Testing the underwater vehicle prototype 
 

Рис. 3. Тестирование прототипа подводного аппарата 
 
 
However, under these conditions, the device stabilizes 

well and it is able to actively move. After several tests of 
the underwater vehicle, there were no problems with the 
penetration of water inside it. 

Fig. 3 shows an image of testing the prototype of an 
underwater vehicle in a pool. 

Conclusion. The developed prototype of a remotely 
operated underwater vehicle in the form of a quadcopter 
made it possible to determine the viability of the selected 
device design and the structure of its control system. In 
the future, it is planned to develop a waterproof case for 
installing a camera, add some necessary sensors. Is 
planned to install lighting package as well. In connection 
with the installation of new components, the underwater 
vehicle control system and software will be further elabo-
rated. The studies will allow us to develop a new version 
of the underwater vehicle, taking into account the wishes 
and identified problems. 
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Space vehicles are an expensive product. For example, just putting such a device into orbit costs at least one hun-

dred million dollars plus the cost of the satellite itself and scientific equipment it carries. However, the current state of 
human civilization does not allow us to do without the presence of satellites in orbit. There were 2,062 active satellites 
in the international database as of March 2019. Compared to 2018, the number of new devices increased by 15 %.  
Experts warn that in the coming years, the world is expecting a «satellite boom» with a projected increase in the num-
ber of devices of about 15–30 % annually. All these satellites are rather different. Currently, several orbits are used for 
placing satellites on them, depending on the tasks they solve. A geostationary orbit is used for live television broadcast-
ing. Low satellite orbits are used for communication between satellite phones. There are some orbits for navigation 
systems (GPS, Navstar, GLONASS). Naturally, under these conditions, there is a problem of placing spacecraft over  
a given number of orbits, with some restrictions on the location of the spacecraft in certain orbits, depending on the 
purpose of the spacecraft. The solution to this problem is considered on the condition that the number of spacecraft 
coincides with the number of possible orbits in which they can be placed with some additional restrictions on the possi-
bility of their placement in orbit. Several solutions to this problem are obtained that allow us to calculate the number of 
possible combinations for such placement of spacecraft over a given number of orbits. 

 
Keywords:  satellite, orbit, substitution, permanent. 
 

О РАСПРЕДЕЛЕНИИ КОСМИЧЕСКИХ АППАРАТОВ ПО ЗАДАННОМУ ЧИСЛУ ОРБИТ 
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Космические аппараты – дорогостоящий продукт. Например, только вывод такого аппарата на орбиту 

обходится минимум в сто миллионов долларов плюс стоимость самого спутника и научной аппаратуры,  
которую он несет. Однако современное состояние человеческой цивилизации уже не позволяет обходиться  
без наличия космических аппаратов на орбите. В международной базе данных на март 2019 г. числилось  
2062 действующих спутника. По сравнению с 2018 г. рост числа новых аппаратов составил 15 %. Эксперты 
предупреждают, что в ближайшие годы мир ожидает «спутниковый бум» с прогнозируемым приростом  
количества аппаратов порядка 15–30 % ежегодно. Все эти космические аппараты сильно отличаются друг  
от друга. В настоящее время используется несколько орбит для размещения на них спутников в зависимости  
от решаемых ими задач. Геостационарная орбита используется для прямого телевещания. Низкие спутнико-
вые орбиты используются для связи между спутниковыми телефонами. Свои орбиты существуют для спут-
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ников систем навигации (GPS, Navstar, ГЛОНАСС), военных спутников, спутников для различных научных ис-
следований. Естественно, в этих условиях возникает задача распределения космических аппаратов по задан-
ному числу орбит при некоторых ограничениях на нахождении космического аппарата на некоторых орбитах 
в зависимости от назначения космического аппарата. Рассматривается решение данной задачи при условии, 
что число космических аппаратов совпадает с числом возможных орбит, на которых эти космические  
аппараты могут находиться при некоторых дополнительных ограничениях на возможность расположения 
спутника на орбите. Получено несколько решений этой задачи, позволяющих вычислить число возможных 
комбинаций для таких распределений космических аппаратов по заданному числу орбит. 

 
Ключевые слова: спутник, орбита, подстановка, перманент. 
 
1. Introduction. In the international database as for 

March 2019, there were 2062 active satellites. Compared 
to 2018, the growth of the number of new devices  
is 15 %. Experts warn that in the coming years the world 
is expecting a “satellite boom” with a projected increase 
of the number of devices of about 15–30 % annually. At 
present, some companies such as SpaceX and OneWeb 
are implementing an extensive program to launch satel-
lites into low Earth orbits to put into action the plans for 
creating a global Internet broadcasting network. 

In this case, a number of problems naturally arise  
[1–6], in particular, the problem of choosing the most 
favorable orbits for satellites of one class or another, as 
well as the problem of allocating a given number of satel-
lites over a given set of orbits with existing prohibitions 
on placing a satellite in some orbit.  

The article provides a solution to the second problem 
under the following conditions: the number of satellites n 
coincides with the number of possible orbits in which 
they are placed; each satellite is forbidden to be in exactly 
one orbit; two satellites cannot be in the same orbit. There 
is a formula that allows us to calculate the number  
of possible combinations for such satellite distributions  
in orbits. 

The mathematical model of the problem. By permuta-
tion we mean the dimension matrix 2 n  

1 2

1 2
.

n

n

i i i

 
 
 




                              

(1) 

A permutation is called regular if kk i , i. e. 

1 21, 2, , .ni i i n  
                       

(2) 

Thus, in accordance with the restrictions indicated 
above, exactly one regular permutation of degree n will 
correspond to each option for the placement of satellites 
in orbits. The problem of finding the number of regular 
permutations of degree n belongs to an extensive class of 
problems of enumerating permutations with restrictions 
on positions (with forbidden positions), and it is referred 
to as the problem of derangements (le problem des recon-
tres); [7]).  

It is equivalent to the classical problem  
of enumerating Latin rectangles having the size 2 n ; for 
it, as the problem of combinatorics, many solutions of 
various types are known ([8], chapters 7, 8). The article 
presents several such solutions made using various meth-
ods, each of which has an independent value. 

2. Recurrence formula for calculating the number 
of regular permutations. The number of regular permu-
tations of degree n will be denoted by nD . 

Theorem 1. If 1n  , then 1 0D  .  If 2n  , then 

2 1D  . If 2,n  then 

   
 

 
21 2

1 2 2! 1.n
n n n nn n n nD n C D C D C D

          

Proof. The first two conclusions of the theorem are a 
direct consequence of the definition of a regular permuta-
tion. Let 2n  . Let us consider the irregular permutation 

1

1 1

1
,k

k n

n n n

n n

 
   

  
  

 

which holds fixed precisely k symbols of 1 2, , , kn n n , 

and it moves all the remaining symbols (in quantity 
1k  ). At fixed 1 2, , , kn n n  the number of such permuta-

tions is n kD  . Since the number  of different sets without 

reiteration of the length k from the range  1, ,n  equals 
k
nC , then the total number of irregular permutations of 

this kind equals
 

k
nC . To complete the proof of the theo-

rem, it is enough to subtract all irregular permutations of 
the form considered above for all k from the total number 
of permutations of the degree n (and this is exactly !n ). 

The theorem is proved. 
Let us verify the conclusions of the theorem for some 

initial values 1, 2, 3, 4, 5, 6n  . The values 1 0D   and 

2 1D   follow directly from the definition 
1

3 3 2

1 2
4 4 3 4 2

1 2 3
5 5 4 5 3 5 2

1 2 3 4
6 6 5 6 4 6 3 6 2

3! 1 6 3 1 2,

4! 1 24 4 2 6 1 1 9,

5! 1

120 5 9 10 2 10 1 44,

6! 1

720 6 44 15 9 20 2 15 1 1 265.

D C D

D C D C D

D C D C D C D

D C D C D C D C D

      

          

     

       

      

          

 

The results have been confirmed by listing all the 
regular permutations for the specified values 

1, 2, 3, 4, 5, 6n  . 

3. The formulae for calculating the number of 
regular permutations based on the concept of a per-
manent matrix. Here we consider the original task as an 
enumeration problem when calculating the number of the 
permutations with fixed positions and we use the means 
of permanents (cyclic) (0,1) of incidence matrices [9; 10]. 

By the permanent of a square n n  matrix  ,i jA a  

over a commutative ring we mean the expression 

     1 1 ,
n

n n
S

per A a a 


             (3) 
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where summation is carried out for all nS
 
permutations 

    1 , , n   
 
n-of the range  1,2, , ,n  as well 

as on all the diagonals of the matrix A. 
Let nI  be identity n n  matrix, nJ  – n n -the ma-

trix, in which each element equals 1/n, and  

 n n nA nJ I   –  the following matrix of order n: 

0 1 1 1

1 0 1 1

1 1 0 1

1 1 1 0

nA

 
 
 
 
 
 
 
 



  



                       (4) 

Theorem 2. The following formula for the number nD  

is valid 
 

    , 2,3, .n n n nD per A per nJ I n    
       

(5) 
 

Proof. The incidence matrix  n ijA a  of the order n 

in  (4) is constructed in the way that in accordance with 
the conditions (2) it has 0ija  , if i j , and 1ija  , if 

i j . We can easily see that for each “identity” diagonal 

of the matrix nA  in (4), each element of which equals 1, 

the permutation of the type (2) corresponds one-to-one. 
On the other hand, it is obvious that the multiplication of 
n units equal to 1 corresponds to each such diagonal in the 
permanent sum (3) for  ( )nper A . At the same time, the 

corresponding multiplications of the elements for each 
diagonal of the matrix nA  containing at least one zero 

element equal zero. 
The theorem is proved. 
Theorem 3. The following formula for the number  

nD  is valid 

1 1 1
!(1 ( 1) , 2,3, .

1! 2! !
n

nD n n
n

        
 

       (6) 

Proof. By the “permanent” Laplace formula, decom-
posing  ( )nper A

 
into the elements of the first line, we 

have 

    
2

1 , 3,4, .
k

n

n n nD per A per A nk


       (7) 

Here    1 2,3, ,nper A k nk    – permanental mi-

nors from (0,1) matrices  1
nA k  of the order ( 1)n  , 

which differ only in the arrangement of the same  
(0,1)-lines.  

Herewith each matrix  1
nA k  contains precisely 

( 2)n   zeros, and no two of them are contained in one 

line or in one column. It follows that at any 2,3, ,k n   
the following equation is valid 

 

      1 2
1 ,n n nper A per A per Ak     

 

and according to (7) and (5) we obtain 

      
   

1 2

1 2

1

1 , 3,4, , .

n n n

n n

D n per A per A

n D D n n

 

 

   

    
     (8) 

Therefore, by induction, taking into account the initial 
conditions 1 20, 1,D D   the formula (6) follows. 

From here it follows that 
The theorem is proved. 
4. Derivation of the formula for calculating  

the number of regular permutations based on the in-
clusion-exclusion formula. This solution is related to the 
classical inclusion-exclusion formula (please see, for ex-
ample, [10], § 3.2) by breaking the set nS  into disjoint 

sets 0 1, , , nP P P , where iP  – set of permutations from 

nS  with precisely i fixed positions, 1, 2, ,i n   or, the 

same with  n i  constraint positions. Since 

 

0

! , ,

!
, 1,2, , ,

! !

n i i

n

n i
i

n
S n P P D

i

n n
i n

i i n i




 
    

 
 

    




 

We have 

 
1

1 .
! !

n

i
o

n
i

D
i n i




                      (9) 

Let 

0 !
i

z
i

D
D

i





 


 

– generating function of a power (exponential) type for a 

numerical sequence  !iD
i , and consequently, 

  1! , 1,2, ,i
iD i rez D z z i n    

 


  (10) 

Here by formal deduction operator   zres A z  for 

the power Laurent series 

  , ,k
k

k r

A z a z r Z




   

we mean the coefficient at 1z  of the range  A z , i. e., 

by convention, 

   1.zres A z a               (11) 

Further, according to the coefficient method [11], we 
have in (9) 

        111
, ,

! 1 !
n kw i n i

w z
D

res e w res D z z
i n

         
  


 

and we sequentially obtain 

      11

0 0

1 ,n kw i
w

n

z

n

i i

res e w res D z z 







      
  

 


  

where in the last equation the added elements of the sum 
equal 0 by the definition of the operator zres . Further,  

by regrouping the terms of the sum and putting the opera-
tor   under the symbol of the operator

 zres , we obtain 
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0

1 11 { [ ] }n w w i
z w

i

res D z z z res e w


   



 


 

(summation in square brackets by index i: substitution 
rule, substituting w z ) 

   1 1{ [ ] } .n w z n
z w z zres D z z e res e D z z   


    
 

 
 

That is, we have 

  1 11
1 : , 0,1,

1
z n n

z zres e D z z res z n
z

             


  

It immediately follows that 

   
11

,
1 1

z e
e D z D z

z z



 
 

 
, 

and according to (10) 

 

   

1 1

0 0

1

1
! !

1

! 1 1 1 1
!

n z n
n z z

i
i i i

i

n
z

i

D n res D z z n res e z
z

z
n res z z

i

   

 

 

 

        
  

                    
 



 

(according to the operator zres ) 

1 1 1
!(1 1) , 1,2,3, .

1! 2! !
nn n

n
        
 

   

 

5. Derivation of a formula for calculating the num-
ber of regular permutations based on combinatorial 
methods. This solution is connected to the use of tradi-
tional means of combinatorial analysis and generating 
functions of a power type related to the use of operations 
on power series (please see, for example [8–12]). Let  

nQ  – the set of all n-permutations of type (2), and  

 nQ k  – the set of  these permutations from nQ
 
that have 

 1 2,3, ,k k n   . Obviously, the class of sets  

 nQ k  – the partition of the set nS . Let 

     1 2 ,n n nQ k Q k Q k   

where the set  1
nQ k  contains all the permutations from 

 nQ k  whose k does not image into 1, and the set  2
nQ k  

contains all the permutations from  nQ k  whose k im-

ages into 1. 
It stands to reason that for each fixed k we have 

   1 2
1 2, ,n n n nQ k D Q k D    

and consequently, 

  1 2.n n nQ k D D    

Thus, we have 

 
0

2
0

1( ), 3, 4,n n n n n

n n

k k

D Q Q k D D n
 

            (12) 

i. e. the recurrence formula (8) taking into account the 
initial conditions of the form 

 

1 20, 1,D D                                (13) 

at 3n    is valid. 

System solution (12)–(13). If we divide both sides of 

the equality (12) by  1 !n  , multiply by 1nz  , sum up at 

3n  , then taking into account the notation 

, 1!
n

n
DD nn 


 

we obtain the following equation 

     3 3

1 1 22

3

1

1 ! 2 ! 2 !
.n n nn n n

n n n

D D D
z z z z z

n n n
  

  

 





 
     (14) 

Further, from (14), taking into account the initial con-
ditions (13) and the new notation 

 
1 2

: , 2, : ,! !
nn nnn

n n

DDD n D z z zn n

 

 

    


 
 

we obtain 
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2 1
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1
1 !

1 { }
!

1

1
1 1 2
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z D z z

n

Dd
z z z

dz n
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z z D z D z

dz
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z z D z z z

dz

d
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dz
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It follows from here that 
 

 

   

3 3

3

2 22
2

2
2 1

2 !

.

n n

n

n nn
n

n
n

D
z z z D z

n

z D z z D z z D z z D z

 





 

 





 


 
    

 

 





   
    (16) 

 

Thus, the solution to the system (12) – (13) by virtue 
of (14) – (16) reduces to solving the following first order 
differential equation: 

 

         1 0, 0 ' 0 0.
d

z D z z D z z D D
dz

       
 

   
 (17) 

 

The equation  (17) has the following unambiguous so-
lution 

  1
1 ,

1
zD z e

z
  




                     (18) 

 

which is verified by direct substitution in (17). The end of 
the proof is carried out exactly as in Section 4. 

6. Notices. From the Maclaurin decomposition for the 

number 1e  the known next important estimate of the 
number nD  follows immediately: 

 

1
lim .

!
n

n

D

n e
                        (19) 
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In 1979, M. Aigner found the following unexpected 
probabilistic interpretation of that asymptotic estimate of 
the number nD : «Let us suppose that n pages of a manu-

script were mixed up by a gust of wind and then put  
arbitrarily.  

The formula (19) states that for bigger n, the probabil-
ity that there is not a single page in its place is higher  

than 1 .3 » [13]. 

Another, more difficult classical combinatorial  
problem of the same type is the following: The problem 
of married couples: in how many ways can couples be 
arranged around a round table so that women and men 
alternate, and none of wives is sitting next to her hus-
band? 

In 1934, by listing enumerated n -permutations of the 
corresponding type, Jacques Toucheard found the follow-
ing formula for the number nU  – ways to place married 

couples of the above type [14; 15]: 
 

 

 
0

2
1 1 !,

2 1

n n n n

i
n

i

U per nJ I P

n in
n

in

   

 
     


                (20) 

 

where the matrix nP  – permutation matrix of the degree 

n  with 1 on the places    1, 2 , 2,3 , ,...  

Let us note that the formula (20), as well as the for-
mula (6), can also be used to calculate options for the 
placement of satellites on a given number of orbits with a 
different set of conditions. 

Conclusion. The problem of the possible distribution 
of satellites over a given number of orbits, depending on 
the purpose of a satellite, is solved. It is assumed that the 
number of satellites coincides with the number of orbits 
on which they can be placed. Several solutions to this 
problem have been obtained, which make it possible to 
calculate the number of combinations for distributing sat-
ellites over a given number of orbits. 
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In this paper, we consider the general statement of the problem of identification and management of a group of ob-

jects. A group refers to several objects combined for the manufacture of a product. The main feature is that when man-
aging such systems, it is necessary to change the setting actions for each object. 

This is due to the fact that today the technological regulations in many cases are wider than they should be for good 
operating. This is a consequence of the fact that the current production culture (this, in particular, has been shown by 
the experience of processing data from the technological process for the production of transistors at Svetlana) is rather 
low, which leads to some organizational problems. It is clear that it is necessary to have certain models of objects that 
naturally differ from each other and can be considered under conditions of both parametric and nonparametric uncer-
tainty. Moreover, there may be cases when an object is considered simultaneously under conditions of both parametric 
and nonparametric uncertainty over various channels. Now, regarding the delay, due to the fact that the measurement 
of some variables is carried out in a significantly longer time interval than the object constant, it is necessary to distin-
guish the time of measuring technological variables and, in fact, the delay typical to the process itself, taking into ac-
count the difference between the channels.  

This leads to the fact that dynamic processes are essentially forced to be considered as inertialess with delay. An-
other significant feature is that the components of the output variables are stochastically dependent in advance in an 
unknown manner. The use of correlation or dispersion relations in this case does not lead to success. A special analysis 
of T-processes and the ability to simulate such processes are required. In particular, this is one of the tasks of this arti-
cle. It contains: T-processes, T-models and the corresponding heterogeneous control algorithms. The process of hydro-
deparaffinization of diesel fuel is considered according to available data, which can be said a priori that they are in-
complete, that is they do not reflect the complex behavior of the process. From here it follows that these data require 
replenishment, which today is not carried out for various reasons. Thus, the process of hydrodewaxing can be taken to 
the T-process.  

Modeling a multidimensional system based on real data has shown that in this problem the presetting effect for dif-
ferent objects should be different. The exception is only the setting actions for the entire complex or group of objects. 
Modeling was carried out on the basis of T-models considered in the article.  It has already been noted that these mod-
els should not be taken as complete, giving an idea of reality. They will be subject to algorithmic refinement during fur-
ther research. The decision is made by the researcher. At this stage that an assessment is given that, under the circum-
stances, the resulting models and control algorithms can be adopted for use in a production environment. An attempt to 
use the existing theory of identification and control for the process of hydrodewaxing will inevitably lead to a signifi-
cant degradation and increase in the cost of a computer system for operating the quality of this process. 

 
Keywords: group of objects, identification, control, setting actions, nonparametric algorithms, T-process, multidi-

mensional objects, adaptation. 
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В настоящей работе рассматривается общая постановка задачи идентификации и управления группой 

объектов. Под группой понимается несколько объектов, объединенных для изготовления того или иного про-
дукта. Главной особенностью является то, что при управлении подобными системами необходимо изменять 
задающие воздействия для каждого объекта. 

Сегодня технологический регламент во многих случаях оказывается более широким, чем следовало бы для 
качественного управления. А это есть следствие того, что нынешняя культура производства (это, в частно-
сти, показал опыт обработки данных технологического процесса производства транзисторов на «Светлане») 
довольно невысока. Это приводит к некоторым организационным проблемам. Следовательно, необходимо 
иметь те или иные модели объектов, которые естественно отличаются друг от друга и могут быть рас-
смотрены в условиях как параметрической, так и непараметрической неопределенности. Более того, могут 
быть случаи, когда объект рассматривается одновременно в условиях как параметрической, так и непара-
метрической неопределенности по различным каналам. Измерение некоторых переменных осуществляется в 
значительно больший интервал времени, чем постоянная объекта, поэтому необходимо отличать время изме-
рения технологических переменных и, собственно, запаздывание, присущее самому технологическому процессу 
с учетом отличия каналов. Это приводит к тому, что динамические процессы по существу вынуждены рас-
сматриваться как безынерционные с запаздыванием. Другой существенной особенностью является то, что 
компоненты выходных переменных стохастически зависимы заранее неизвестным образом. Использование в 
этом случае корреляционных или дисперсионных отношений не приводит к успеху. Необходим специальный 
анализ Т-процессов и умение моделировать подобные процессы. В частности, это является одной из задач 
настоящей статьи. В ней приведены: Т-процессы, Т-модели и соответствующие разнотипные алгоритмы 
управления. Рассмотрен процесс гидродепарафинизации дизельного топлива по имеющимся данным, о кото-
рых априори можно сказать, что они неполные, т. е. не отражают комплексное поведение технологического 
процесса. Отсюда становится ясно, что эти данные требуют пополнения, которое сегодня по разным причи-
нам не осуществляется. Таким образом, процесс гидродепарафинизации может быть отнесен к Т-процессу. 
Моделирование многомерной системы по реальным данным показало, что в этой задаче задающее воздейст-
вие для различных объектов должно быть различным. Исключение составляют только задающие воздействия 
для всего комплекса или группы объектов.  

Моделирование осуществлялось на основании рассмотренных в статье Т-моделей. Уже отмечалось, что 
эти модели не следует воспринимать как завершенные, дающие представление о действительности. При 
дальнейших исследованиях они будут подлежать алгоритмическому уточнению. Решение об этом, естест-
венно, принимает исследователь. Именно на этом этапе дается оценка, что в создавшихся условиях получен-
ные модели и алгоритмы управления могут быть приняты для использования в производственных условиях. 
Попытка использования существующей теории идентификации и управления для процесса гидродепарафини-
зации неизбежно приведет к значительному ухудшению и увеличению стоимости компьютерной системы 
управления качеством данного процесса. 

 
Ключевые слова: группа объектов, идентификация, управление, задающие воздействия, непараметрические 

алгоритмы, Т-процесс, многомерные объекты, адаптация. 
 
Introduction. Modeling of multidimensional inertia-

less objects continues to be an urgent task of identifica-
tion. The article emphasizes the case when the vector of 
the constituents of the output variables stochastically de-
pendents in an unknown manner. In this case, the ap-
proach to modeling such objects does not fit within the 
framework of the existing identification theory. There are 
plenty of examples of such objects. In particular, they can 
include processes that occur in the construction industry 
(cement production), in metallurgy (steel smelting proc-
ess), in the energy sector (coal burning process), in oil 
refining (the process of cleaning diesel fuel from sulfur 
compounds), and also practically all organizational proc-

esses, including an educational one [1; 2]. We can con-
sider a multidimensional process at an oil refinery, where 
there is an installation for hydrotreating diesel fuel from 
sulfur compounds, combined with the process of hy-
drodewaxing and increasing the cold flow of diesel fuel 
[3]. The measurement of the main output stochastically 
dependent variables of a given process, for example, such 
as “density at a temperature of 15 оС” or “boiling point 
temperature”, takes place once a day. In this case, the 
process under study is considered as inertialess with time 
delay [4]. 

It should be noted that any of these processes corre-
sponds to the statement of different formulations of the 
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problems, and this difference is due to the presence of 
various a priori information about the process under 
study.  

The most interesting case is when the nature of the 
stochastic coupling between the output components is 
unknown up to parameters. Fig. 1 shows the simplest 
diagram of series-connected objects. Nevertheless, it 
demonstrates that in the analysis of such a group of ob-
jects specificity arises in modeling, and in the operating 
similar processes in reality. 

In fig. 1, the following notations are agreed: 

, 1,qO q r  – the number of objects (technological de-

vices) included in the group (the group consists of local 
objects); –  1 2, ,..., mu u u u  – input control actions; 

 1 2, ,..., р      – input, unmanaged, but controlled 

variables (for example, it can be all kinds of additives 
when working with bulk materials that enter the input of 
an object);  1 2, ,..., nx x x x  – characteristics that deter-

mine the composition of the initial product 1x  of semi-

finished products 2 ,..., nx x ; z – parameters characterizing 

the finished product (product). All variables are vectors. 
The process flow is subject to the technological regula-
tions (GOSTs), which defines the ranges of values of all 
technological parameters. 

The main feature that arises in a group of processes is 
largely due to its emergence [5] and unreasonably large 
ranges of technological regulations. Moreover, the com-
pression of technological regulations in real production in 
most cases cannot be carried out due to emerging organ-
izational problems. Unfortunately, it leads to the produc-
tion of low-quality products, and often to a large propor-
tion of defective goods. Difficulties are further exacer-
bated by the fact that defective products cannot always  
be sent to recycling. A way out can be found using cor-
rection of technological regulations in each case. This 
naturally leads to the problem of automation of a similar 
process in each local case, at each redistribution of the 
technological process. In this regard, it is necessary to 
solve the identification problem and the control task for 
each technological object, and only then combine them 
into a group. Thus, there is a need to conduct the process 
all the time in different ways. This is akin to the  
well-known idea expressed by the Polish philosopher 
Ferdinand-Bronislaw Trentovsky in 1843 in the book 
“The Attitude of Philosophy to Cybernetics as the Art  

of Managing the People”: “The application of the art of 
control without any serious study of the corresponding 
theory is like healing without any deep understanding 
medical science”. 

He emphasized that truly effective management 
should take into account all the most important external 
and internal factors affecting the object of management: 
“With the same political ideology, cybernet should gov-
ern differently in Austria, Russia or Prussia. In the same 
way, in the same country he must rule tomorrow differ-
ently than today”. 

In such complex multidimensional processes, the out-
put variables of an object are somehow dependent, but 
this dependence is a priori unknown. Similar processes 
were called T-processes, and their models – T-models [6]. 
Identification and management of such processes should 
be carried out in a non-traditional way [7], because it will 
not lead to success due to a lack of a priori information 
about the investigated object. The peculiarity is that the 
vector of the output constituent, we denote it as 

        1 2, ,..., , 1,nx t x t x t x t j n  , is so, that the 

constituents of this vector are dependent in advance in an 
unknown manner. Therefore, the mathematical descrip-
tion of the object can be represented as a system of im-
plicit functions: 

      , , 0, 1,jF u t t x t j n   ,              (1) 

where         1 2, ,..., , 1,mu t u t u t u t k m   – input 

controlled constituent vector;         1 2, ,..., ,pt t t t      

1, p   – vector of input unmanaged but controlled con-

stituents; constituent  t  – means the consideration of 

input-output variables at a particular point in time. t . The 
task of identifying the objects under consideration is re-
duced to the fact that it is necessary to solve the system of 
implicit nonlinear equations (1) with respect to the con-
stituents of the vector of output variables  x t  with 

known input    ,u t t . Of course, the task is compli-

cated if there is a group of objects where each local object 
will have to be considered separately. 

The management of such objects is considered in con-
ditions of uncertainty when there is no description of the 
object accurate to the parameter vector. Moreover, for a 
group of objects, the preset influences for each individual 
object will have to be changed.  

 
 

 
 

Fig. 1. The group of objects implementing a technological process 
 

Рис. 1. Группа объектов, реализующих технологический процесс 
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Algorithms identifying local objects. To model a 
group of objects, the necessary step is to build models of 
the local objects themselves. In this case, it will be neces-
sary to consider well-known methods, in particular, iden-
tification algorithms in a narrow and broad sense. Next, 
we consider the basic algorithms for modeling local ob-
jects. We distinguish two identification classes - paramet-
ric and nonparametric. 

We consider parametric identification or identification 
in the narrow sense [8]. In the narrow sense of identifica-
tion, two main steps are usually considered. The first is 
the determination of the parametric structure of the object 
accurate to the coefficients, the second is the determina-
tion of the values of the coefficients according to the re-
sults of measurements of input-output variables or pa-
rameter estimates.  

Most often, parameter estimation algorithms are con-
sidered in various sources. The most vulnerable stage is 
the choice of the model structure of the object accurate to 
the coefficients. It is quite clear that if the structure of the 
model is chosen inaccurately, this will lead to inaccuracy 
of the model. It is appropriate to recall the phrase of the 
ancient Greek philosopher Democritus: “Even a slight 
departure from truth in the future leads to endless mis-
takes”. 

Thus, at the first stage, a class of equations is selected: 

 , , , 0, 1,jF u x j n    , 

where u  are the input controlled process variables,   are 

the input unmanaged, but controlled process variables, x  
are the output variables,   is the parameter vector. 

The parameter estimation algorithms are based on the 
stochastic approximation method, in particular, they have 
the following form: 

   1 1
1

N
k k i k
s s s s s i s t

i

x u u 


 
         

 
 .         (2) 

There are many similar algorithms, but we will not 
dwell on this in detail. 

In the case of nonparametric identification or identifi-
cation in the broad sense, algorithms for simple statement 
of problems can be based on nonparametric estimates  
of the Nadarai-Watson regression function [9]. For the 
multidimensional case, the form of this estimate is as fol-
lows: 

 


 

 

 








 








 


s

i

m

k s

kik

s

i

m

k s

kik
i

s

c

uu
Ф

c

uu
Фx

ux

1 1

1 1 ,                        (3) 

where bell-shaped functions  Ф   and blur parameters sс  

satisfy some convergence conditions and satisfy the fol-
lowing properties [9]:  

  10 Ф s k kiс u u    ;  

  
 

1 1Ф 1s s k ki
u

c с u u du 



  ;  

    1 1lim Фs s k ki k ki
s

c с u u u u 


    ; 0sc  ;  

lim 0s
s

c


 ; lim m
s

s
sc


  . 

In practice, the most common cases are when the vec-
tors of the output variables of the object are stochastically 
dependent. In this case, the description of the process can 
be represented as: 

 , , 0, 1,jF u x j n   .                 (4) 

And the model of the object in this case, based on the 
approximation of a local type, can be as follows: 

 ˆ , , , , , 0, 1, , 1,j s s sF u x u x j n i s     ,         (5) 

where , ,s s su x  are time vectors (data set received at the 

s-th moment of time). Moreover, the functions  ˆ
jF   are 

unknown because dependencies of the output variables of 
the process are unknown. As noted above, processes hav-
ing a stochastic dependence of the output variables were 
called T-processes. 

We consider each individual object in the group as a 
separate multidimensional object with dependencies of 
input and output variables, as well as unknown dependen-
cies of output variables among themselves. We show such 
an object in the following fig. 2. 

In fig. 2, the vector of input variables arrives at the in-
put of the object  1,..., mu u u , the vector of output vari-

ables is observed at the output  1,..., nx x x ,  t  – 

random jamming acting on the object. When considering 
such an object, one can notice the dependences of the 
output variables, which may not always be known. 

 
 

 
 

Fig. 2. Multidimensional object 

 
Рис. 2. Многомерный объект 
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Through various channels of a multidimensional  
T-object, the dependence of the j constituent of the vector 
of output variables x  can be represented as a certain de-
pendence on certain constituents of the vector of input 

variables u :   , 1,j j
jx f u j n     .  

Such functions are determined by the researcher from 
the available a priori information, and they are called a 
composite vector. A composite vector is a vector com-
posed of some constituents of the input and output vari-
ables, it can also be any set, for example 

 2
3 6 4, ,x u u x   ,  4

2 5 6 3, , ,x u u u x   . Different 

channels of a multidimensional system can have a differ-
ent number of constituents  u t , included in composite 

vectors  x t . 

A model of such a process is considered as a system: 

 ˆ , 0, 1,j j
jF u x j n      .                     (6) 

where functions  ˆ
jF   remain unknown. 

As a result of measurements of the input and output 
variables of the object, a training sample can be obtained 

 , , 1,i iu x i s . In this case, for given values of the input 

variables  u t  it is necessary to solve system (6) with 

respect to the constituents of the output variables  x t . 

As a result, it is possible to obtain estimates of the con-
stituents of the output variables from the known input, 
and this is the main purpose of the desired model. 

T-models. It was noted above that if the output vari-
ables have unknown stochastic dependencies, then they 
were called T-objects, and their models are T-models. The 
description of such a process is specified as follows: 

    , 0, 1,j j
jF u t x t j n      ,            (7) 

where    ,j ju t x t     is composite vectors, the type of 

function  jF   is unknown. The system of models of the 

studied object can be represented as follows: 

    ˆ , , , 0, 1,j j
j s sF u t x t x u j n     

 
,          (8) 

where ,s sx u
 

are time vectors, but in this case  ˆ
jF   they 

remain unknown. Therefore, the problem comes down to 
the fact that for a given value of the vector of input vari-
ables  u t  it is necessary to solve system (8) with respect 

to the vector of output variables  x t . The general 

scheme for solving such a system is reduced to a non-
parametric two-step algorithmic chain, which allows one 
to find the predicted values of the vector of output vari-
ables  x t  from known input  u t . 

First, the deficiencies are calculated by the formula: 

  , , , , 1,j j
ij j s sf u x i x u j n     

 
,          (9) 

where functions   , , ,j j
s sf u x i x u     

 are taken in the 

form of a nonparametric estimate of the Nadarah-Watson 
regression function [9]: 
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where 1, , ,j n m    is dimension of a composite vec-

tor ku . Bell-shaped functions  Ф   and the blur parame-

ter 
ksuc  y some convergence conditions and have the fol-

lowing properties [9]: satisfy  Ф    ; lims ssc   ;  

lim 0s sc  ;   
 

1Ф [ ] 1
ksu k k
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c u u i du
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      . 

Next, the conditional expectation is estimated: 

 | , 0 , 1,j
jx M x u j n      .          (11) 

where the nonparametric estimation of the regression 
function is taken as the basis. And ultimately, the forecast 
for each constituent of the vector of the output variable 
will be as follows: 
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where bell-shaped functions  Ф   can be taken in the form 

of a triangular kernel for inputs (13) and residuals (14): 
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Nonparametric algorithm (10) and (12) is a two-step 
algorithmic chain that allows one to find the predicted 
values of the constituents of the output vector for the 
known constituents of the input variables, in the case of 
stochastic dependence of the output variables [10]. 
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General statement of the problem of identification 
and management of a group of objects. Modeling and 
managing a group of objects is significantly different 
from modeling and managing local objects. And the main 
difference is that when managing a group, it is necessary 
to change the defining influences for controlling local 
objects. Each time, changing the technological regula-
tions, it is requires by reality. Actually, this is shown by 
the example below at an oil refinery. Otherwise, the tech-
nological map requires expansion, but the result of the 
implementation of this expanded technological regulation 
is absolutely clear, which will inevitably lead to poor 
quality products and even to defective product. Thus, the 
goals that are set in front of a group of objects are signifi-
cantly different from the goals that are set in front of local 
objects. It should to be noted that models and control al-
gorithms are not an arithmetic sum of models and algo-
rithms of a group of objects However, the above models 
and control algorithms can be taken as a basis. Only the 
contents of the input and output variables of local objects 
and groups will change. Thus, for good management of 
the group, a difference in the relevant technological regu-
lations is necessary [11]. 

At the end of the 70s, one of the authors was able to 
participate in studies of the technological process for the 
production of transistors (Svetlana Production Associa-
tion, Leningrad), due to the fact that the volume of defec-
tive products and low-quality products reached 85 %. The 
studies showed that the range of technological parameters 
is incredibly wide in all sections of the technological 
process, although they corresponded to the technological 
regulations. The research results made it possible to give 
relevant recommendations, which were included in indus-
try guidance materials [12]. 

A wide range of values is characteristic of many min-
ing or processing industries. Of course, one can develop, 
on the basis of studies conducted for each particular en-
terprise, a more stringent technology regulations and con-
tinue to follow it. But it cannot always be used, because 
strict technological regulations can be implemented only 
in enterprises with a high level of production culture. This 
is, first of all, the high quality of technological equipment, 
local automation, qualifications of workers and their atti-
tude to the subject. 

There may be another way, it is necessary to follow 
the existing technological regulations, but to optimize the 
process mode in the given technological object taking into 
account a carried out technological operation at the previ-
ous object. This way is more realistic for enterprises, be-
cause it does not require expenditures for reconstruction 
and can significantly improve the quality of products and 
reduce losses in the production of certain products. For 
this, it is necessary to develop and introduce computer 
systems to improve technological conditions. Such com-
puter systems are quite effective. 

Let us consider the control scheme of a local object 
with time delay (fig. 3). 

In fig. 3, the following notation is accepted:  

      1 ,..., mu t u t u t  – managed input variables; 

      1 ,..., pt t t     – unmanaged but controlled 

variables;       1 ,..., n
nx t x t x t R         – process 

output variables;       * * *
1 ,..., n

nx t x t x t R         – 

setting actions; , , x
t t th h  – random stationary interfer-

ence influencing the object and the measurement channels 
of the input and output variables;    – known lag on vari-
ous channels of a multidimensional system.  

 
 

 
 

Fig. 3. Multidimensional Object Management Scheme 
 

Рис. 3. Схема управления многомерным объектом   
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The management of a group of objects should be car-
ried out taking into account the fact that moving from one 
object to another, it is necessary to change the setting ac-
tions. 

Multidimensional systems management. The con-
trol of multidimensional T-objects is considered under 
conditions of nonparametric uncertainty, i. e. under condi-
tions when the process model, up to the parameter vector, 
is completely absent [13]. In this case, well-known tech-
niques are not applicable and other approaches should be 
used to solve the problem [14–18]. 

In the problem of controlling a multidimensional 
process with a stochastic dependence of the output vari-
ables, a multistep algorithmic chain is used. It is the fol-

lowing: the input variable  *
1u t  is taken arbitrarily from 

the area  1u . The following input variable  *
2u t  is in 

accordance with the following algorithm: 
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,       (15) 

where ,q wn p     – dimension of the corresponding 

compound vectors x  и  , ,q wn n p p      , 

,q w  – the number of constituents included in the com-

posite vector. Compound vectors are determined by the 
researcher from the available a priori information. If the 
researcher does not have such information about the ob-
ject, he uses all the constituents of the input and output 
variables in a composite vector. Next, the input variable 

 *
3u t  is as follows: 
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And then the control algorithm continues to find each 
input constituent of the object, and with each subsequent 
step, the values of the input variables found at the previ-
ous step are added to the algorithm. We write a control 
algorithm for a multidimensional system that will look 
like this: 
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In the control algorithm (17), the blur parameters for 
the input and output variables remain the adjustable pa-
rameters 

kuc , 
jxc  and с


, the following formulas can be 

used for them: *
k

i
u k kс u u     , *

j

i
x j jc x x     

and * iс
       , where  ,   and   some pa-

rameters are more than 1, and parameter 0 1   . It 

should be noted that the choice of blur parameters 
kuc , 

jxc  и с


 is carried out at each control step. Moreover, if 

kuc  is determined then the determination of 
jxc  and с


 

is carried out taking into account this fact. The order of 
determining the blur parameters 

kuc , 
jxc  and с

  
is not 

significant. 
Group of objects at a refinery.  Installation for hy-

drotreating diesel fuel from sulfur compounds, combined 
with the process of hydrodewaxing and improving the 
cold flow of diesel fuel, operates at a refinery. Imagine 
the technological scheme of the process (fig. 4). 

Fig. 4 shows the reactor block R-301, which combines 
the processes of hydrotreating and hydrodewaxing; and 
also shows the cleaning blocks of the circulating hydro-
gen-containing gas S-301a; stabilization of diesel fuel 
with the extraction of the side shoulder strap K-301; stabi-
lization of distillation of gasoline; purification of hydro-
carbon gases. The input is “Raw materials for installa-
tion”, and the output is “SDF”. 

The depicted blocks are a group of objects with which 
combined hydrotreating and hydrodewaxing processes 
occur. 

During the operation of such an installation, informa-
tion on the progress of the process is collected and accu-
mulated. Therefore, it is necessary to process the accumu-
lated information in order to monitor the entire process 
and subsequent decision-making on its management [19]. 

Due to the lack of a priori information about the proc-
ess in the required volume for the implementation of its 
modeling and control, it is proposed to use non-
parametric systems methods that will help in determining 
the current state of the process flows at the input and out-
put of the process, identifying inaccurate data, predicting 
the quality indicators of finished products at the output, 
correct process control.  

Let us depict the general identification scheme for hy-
drotreating and hydrodewaxing processes in the following 
form (fig. 5). 
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The following input and output variables were used 
for the hydrotreating and hydrodewaxing process:  1u t

 
– 

density at 15 оС, кг/м3; fractional composition, оС:  

 2u t
 
– boiling point,  3u t  – full boiling point 50 %, 

 4u t  – full boiling point 96 % и  5u t  – final boiling 

point;  6u t  – upstream pressure in Р-301, кгс/см2; 

 7u t  – inlet temperature в Р-301, оС;  1x t  – density at 

15 оС, кг/м3, fractional composition, оС:  2x t  – initial 

boiling point,  3x t  – full boiling point 50 %,  4x t – full 

boiling point 96 %,  5x t  – final boiling point;  6x t  – 

cloud point. 
Due to the fact that the nature of the dependence  

of the input and output variables is unknown, as well  
as the dependences  of the output  variables on each other,  

the two-step non-parametric algorithm of the T-model 
(10) and (12) considered above is used to determine the 
predicted values of the vector components exit by known 
input constituents. 

The accuracy of the modeling was estimated by the 
following formula: 
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,                (18) 

where j
ix  – observations at the object,  j

s ix u  – object 

exit forecast, ˆ jx  – average value for each constituent of 
the vector x . 

For modeling, we carry out the procedure of a rolling 
exam.  

 

 
 

Fig. 4. Fragment of a scheme for hydrotreating diesel fuel and hydrodewaxing 
 

Рис. 4. Фрагмент схемы гидроочистки дизельного топлива  
и гидродепарафинизации 

 
 

 
 

Fig. 5. Fragment of modeling hydrotreating  
and hydrodewaxing processes 

 
Рис. 5. Фрагмент моделирования процессов гидроочистки  

и гидродепарафинизации 
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Fig. 6. Prediction of the output constituent  4x t  for the corresponding input variables  u t  
 

Рис. 6. Прогноз выходной компоненты  4x t  при соответствующих входных переменных  u t  

 
 
The adjustable parameters will be the blur parameters 

suс  
and sc  , which in this case we take equal to 0.5 and 

0.4, respectively (the values were determined as a result 
of numerous experiments in order to reduce the quadratic 
error between the output of the object and model). Sample 
size 115s  . We give the results for the output variable 

 4x t  – the boiling point is 96 % (fig. 6). 

In fig. 6, the “dot” denotes the outputs of the object, 
and the “crosses” represent the outputs of the model. For 
clarity, the presentation of the results on the graph shows 
20 sample points. According to GOST R 51069–97 “Oil 
and oil products. Method for determination of density, 
relative density and density in degrees by API hydrome-
ter” the accuracy indicators of the method obtained by a 
statistical study of interlaboratory test results may deviate, 
for  4x t  the minimum value is 3 оС, as shown in dashed 

lines in fig. 6, and the maximum value is 10 оС, as shown 
in fig. 6 in solid lines. For each constituent of the object 
output, its own deviation limits are approved. Which of 
the boundaries to choose, minimum or maximum, are 
determined by a technologist. According to the schedule, 
we can say that the forecast was quite satisfactory, the 
modeling error was 4 0.04  . But it is worth paying at-

tention to the fact that the maximum boundaries of devia-
tions are too wide in all sections of the technological 
process, and the process itself must take place at the 
minimum boundaries of deviations. The resulting forecast 
values sometimes go beyond the minimum boundaries, 
but lie within the maximum limits, many factors can in-
fluence this, such as the small size of the training sample, 
the inaccuracy of a priori information, random interfer-
ence affecting the process, etc. But well-tuned models 
make it possible to increase its accuracy and, in the future, 
will help in high-quality process control [20]. 

Conclusion. The article considers nonparametric algo-
rithms for modeling and controlling a group of objects 

under conditions of both parametric and nonparametric 
uncertainty. The creation of groups is determined not only 
by the structure of the enterprise, but also by the nature of 
the technological process. One feature is emphasized, 
which manifests itself in the fact that the driving actions 
for each object are the subject of special consideration at 
each control step. The paper presents models and algo-
rithms for managing a group of objects, as well as some 
local and specially emphasized property of emergence. 
Models of multidimensional inertia-free complexes are 
presented and, in particular, an example is considered 
based on the results of measurements of real data of the 
technological combined process of hydrotreating and hy-
drodewaxing of diesel fuel occurring at a refinery. 
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A ROUTING ALGORITHM FOR THE CAYLEY GRAPHS GENERATED  

BY PERMUTATION GROUPS 
 

А. A. Kuznetsov*, V. V. Kishkan 
 

Reshetnev Siberian State University of Science and Technology 
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation 
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The purpose of this work is to create an effective routing algorithm on the Cayley graphs of permutation groups, su-

perior in its characteristics to an algorithm using an automatic group structure. 
In the first section of the article we describe the auxiliary algorithm A–1 which allows numbering elements of a 

given permutation group. 
In the second section we present the algorithm A–2 for calculating the routing table on the Cayley graph and algo-

rithm A–3 for determination the optimal route between two arbitrary vertices of the graph. Estimates of time and space 
complexity are also obtained for these algorithms. 

In the third section we describe the algorithm A–4 for calculation the minimal word of a group element. It is proved 
that the computational complexity of the algorithm will be proportional to the length of the input word. 

The fourth section presents the results of computer experiments for some groups of permutation groups, which com-
pare the time for calculating the minimum words using algorithm A – 4 and an algorithm based on the construction of 
an automatic group structure. It is shown that A – 4 is much faster than its competitor. 

 
Keywords: Cayley graph, a permutation group. 
 

ОБ ОДНОМ АЛГОРИТМЕ МАРШРУТИЗАЦИИ НА ГРАФАХ КЭЛИ,  
ПОРОЖДЕННЫХ ГРУППАМИ ПОДСТАНОВОК 

 
А. А. Кузнецов*, В. В. Кишкан 

 
Сибирский государственный университет науки и технологий имени академика М. Ф. Решетнева 

Российская Федерация, 660037, г. Красноярск, просп. им. газ. «Красноярский рабочий», 31 
*Е-mail: alex_kuznetsov80@mail.ru 

 
Целью настоящей работы является создание эффективного алгоритма маршрутизации на графах Кэли 

групп подстановок, превосходящего по своим характеристикам алгоритм, использующий автоматическую 
структуру группы. 

В первом разделе статьи описан вспомогательный алгоритм А–1, который позволяет нумеровать элемен-
ты заданной группы подстановок. 

Во втором разделе представлен алгоритм A–2 для вычисления таблицы маршрутизации на графе Кэли и 
алгоритм А–3, который позволяет определить оптимальный маршрут между двумя произвольными вершина-
ми графа. Для данных алгоритмов также получены оценки временной и пространственной сложности. 

В третьем разделе описан алгоритм А–4, при помощи которого можно вычислить минимальное слово эле-
мента группы. Доказано, что вычислительная сложность алгоритма будет пропорциональна длине входящего 
слова. 

В четвертом разделе приведены результаты компьютерных экспериментов для некоторых групп подста-
новок, в которых сравнивается время вычисления минимальных слов по алгоритму А–4 и алгоритму, основан-
ному на построении автоматической групповой структуры. Показано, что А–4 значительно быстрее своего 
конкурента. 

 
Ключевые слова: граф Кэли, группа подстановок. 
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Introduction. Currently, the increasing demand for 
cloud computing is leading to the growth of large-scale 
data centers (DPCs). 

Modern data centers contain hundreds of thousands of 
nodes interconnected by a network. The topology of such 
a network, i.e. the method of connecting nodes is a key 
link on which speed, fault-tolerance, reliability and other 
characteristics of the data center depend. 

For this reason, network design is a very important 
task, including the search for graph models that have good 
topological properties and allow the use of efficient rout-
ing algorithms.  

These are the qualities of Cayley graphs, which have 
such attractive topological properties as high symmetry, 
hierarchical structure, recursive construction, high con-
nectivity, and fault-tolerance [1]. The definition of a 
Cayley graph implies that the vertices of the graph are 
elements of some algebraic group. The choice of the 
group and its generating elements allows us to obtain a 
graph [2] that meets the necessary requirements for di-
ameter, degree of vertices, number of nodes, etc. 

Suppose :G X    is a finite group, generated by an 

ordered set 1 2: { }mX x x x    , which is also called 

the alphabet. The set of all words (strings) over the alpha-
bet X  will be denoted by X*.  Let 1 2: lw x x x   be a 

word over X and  | |:w l  is its length.   On the set X* we 

also define the relation of order. Suppose v and w are two 
arbitrary words in the alphabet X. Then v w , if 
| | | |v w , а and in case of equal word lengths, the smaller 

word will be determined according to the introduced lexi-
cographic order on generators. If it is necessary to empha-

size that the string *v X  matches the element g G , 

then we write gv . The string v will be called the minimal 

word of the element g , if for all others *w X , such that 

g gv w , will be conducted v w . It’s obvious that 

every g G , then we will write vg. It is evident that every 

g G  matches the unique minimal word. The length of 

an element of a group g  is the length of its minimal word 

v, that is *| |: min{| |: }g gg v v X  . It has been noted that 

in the general case, the task of determining the minimal 
word is NP-hard [3]. 

Cayley graph : ( , )Cay G X   of group G with rela-

tion to X is called a directed unweighted labeled graph 
with many vertices ( ) : { }V g g G  ∣  and many edges 

( ) : {( , ) , }E g gx x X g G   ∣ . Suppose ( , ) ( )g gx E  , 

then generator x  is called an edge token. If 
1X X X   , then graph Γ will be non-oriented. We 

assume that the unit element e X , that is in graph Γ 
there are no loops. As it is known [4], the shortest  
distance between two arbitrary vertices of the graph g  
and h, which we denote ( , )d g h , is equal to the length  

of the minimum word of the element 1g h , i. е. 
1( , ) : | |d g h g h . 

Let us dwell on the currently known routing algo-
rithms on Cayley graphs. Traditional methods, such as 
Dijkstra or Bellman-Ford algorithms, can be used on 
graphs of any kind, but require significant spatial and 
temporal resources [5]. For some families of Cayley 
graphs, there are special routing algorithms that, unlike 
traditional methods, use the topological characteristics of 
the graph, while reducing time and/or spatial complexity. 
These include graph families such as hypercube [6], but-
terfly [7] and star graph [8], which are Cayley graphs. In 
work [9], a routing algorithm for creped and star graphs 
based on sorting permutations is presented. However, this 
approach does not provide the shortest routing. K. Teng 
and B. Arden prove [10] that all finite Cayley graphs can 
be represented by generalized chordal rings, and then of-
fer an iterative routing algorithm based on the lookup 
table. The space complexity of such an algorithm  

is 2| | )O G , and temporary is ( )O D , where |G| and D are 

size and diameter of the network, respectively. To find  
the shortest paths on the Borel graph L. Wang and K. 
Tang offer an algorithm [11], which first calculates in an 
autonomous mode the routing table from one node to all 
the others; then, using the transitive property of the 
Cayley graph, creates a routing table for all nodes.  
The computational complexity of this algorithm is limited 

4(log | |)O G , and space complexity is 2( | | )O D G . In 

[12] a distributed fault tolerant routing algorithm on a 
Borel graph is presented. This two-phase algorithm uses 
two types of routing tables: static and dynamic. 

In the article [13], a routing algorithm for a special 
class of Cayley graphs used as the topology of a wireless 
data center network is presented. This algorithm is two-
level: for sending messages between servers in the same 
rack and servers in different racks. Each server is identi-
fied by three values: the coordinates of the rack, the tier 
on which the server is located, and its number on the tier. 
In addition, each server uses three routing tables to for-
ward packets from the source to the destination along the 
shortest route. 

The monograph [14] is a fundamental work on the re-
lationship of algebraic groups and finite state automaton. 
In this case, the automaton structure of a special kind is 
determined on the group G X   , using which it is pos-
sible to calculate the minimal word for any element of the 
group. 

According to [14], the group finite state machine reads 

an arbitrary word *
gw X , processes it and produces the 

minimal word of the element g.  Herewith the time T0  
of word processing w will be proportional to the square of 

its length, i. e. 2
0 (| | )T O w . 

Using this result, an algorithm for finding the shortest 
path on a Cayley graph (denoted by A – 0) was proposed 
in work [15], while its computational complexity is lim-
ited, and space complexity 0 (| | | | | |)M O X G    , 

where | |  is the number of states of a group automaton. 

It should be noted that all the above routing algo-
rithms can be assigned to one of the following categories: 
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a) those that are designed for specific Cayley graphs;  
b) universal with high space and time complexity and  
c) with low complexity, which do not provide shortest 
paths. 

The purpose of this work is to create an effective rout-
ing algorithm on Cayley graphs of permutation groups 
that surpasses in its characteristics the algorithm  
from [15]. 

The first section of the article describes the auxiliary 
algorithm A – 1, which allows you to number the ele-
ments of a given permutation group. 

The second section presents the algorithm A – 2 for 
calculating the routing table on the Cayley graph. Algo-
rithm A – 3 is described below, it allows to determine the 
optimal route between two arbitrary vertices of the graph. 
Estimates of time and space complexity are also obtained 
for these algorithms. 

The third section describes the algorithm A – 4, with 
which you can calculate the minimum word of an element 
of the group. It is proved that the computational complex-
ity of the algorithm will be proportional to the length of 
the incoming word. 

The fourth section presents the results of computer 
experiments for some groups of permutations, which 
compare the time needed to calculate the minimal words 
using algorithm A – 4 and the procedure from [15]. 

In conclusion, the prospects for the development of 
the project are considered. 

1. Algorithms on Cayley graphs of permutation 
groups. Suppose G is finite group of permutations on the 

set of points {1,2, , }n   . We denote : [ ]g g    

element image   under the influence g G . Orbit 

point   is called set : { }G g g G   ∣ .  

Point stabilizer   we will call the set 

: { }gG g G     ∣ . For given 1 2, , , i      we 

inductively define 
 

1 2 1 2 1, , , , , ,: ( )

{ , 0,1, , }.

i i i

g
j j

G G

g G j i

       

      ∣
 

 

Sequence of different elements 1 2: ( , , , )mB       

we will call the base of the group G , if 
1 2, , , m

G e     . 

Thus, only a single element of the group leaves all the 
points of the base stationary.  

Suppose 
1 2 1

( )
, , ,:

i

iG G
   . Next, we determine the 

chain of stabilizers 
 

(1) (2) ( ) ( 1): .m mG G G G G e      
 

If ( 1)iG   is its own subgroup ( )iG  for [1, ]i m , then 

the base B  is called irreducible. 

Adjacent group classes ( )iG  by subgroup ( 1)iG   have 
a one-to-one correspondence with the elements of the 

orbit 
( )( ) :
ii G

i   . If ( ), ia b G  and ( 1) ( 1)i iG a G b  , 

then for some ( 1)ih G   will be conducted a hb . 

Therefore, a hb b
i i i     . 

The above fact makes it possible to calculate a family 

of representatives of cosets (transversal) ( )iU groups 
( ) ( 1)modi iG G  . For every ( )i  we define 

( )( ) i
iu G  , which displays i  in  , other words 

( )iu
i

   . In the particular case if i i   , then 

( ) :i iu e  . 

According to the notation introduced, we obtain an 

ordered sequence ( ) ( ): ( ( ) )i i
iU u   ∣ . It's obvious 

that ( ) ( )| | | |i iU   . 

Putting together all ( )iU , we get a transversal:  
 

( )

1

.
m

i

i

U U


  

 

By the Lagrange theorem (1) (2) (2)| | | : | | |G G G G    
(1) (2)| | | |U G  . Similarly, (2) (2) (3) (3)| | | : | | |G G G G    
(2) (3)| | | |U G  . Continuing this process, we get 

(1) (2) ( )| | | | | | | | .mG U U U    

Suppose 1 2( , , , )mB       is the base G , then for 

any element of the group we can determine its base image 

1 2: ( , , , )g gg g
mB      . 

 

Lemma 1. For g G   base image gB  has a unique 

view. 

Proof. Suppose g hB B , then 
1ghB B

 . Therefore, 

according to the definition of the base, 1gh e  . Conse-

quently, g h .  
 

Lemma 2. Any element g G  can be unambiguously 

written in canonical form 
 

1 1 1 1: ( , , , ) ,m m m mg u u u u u u      

where  
( )i

iu U  и [1, ].i m                            (1) 
 

Proof. As g G , then it is contained in some coset of 

the group G  by group, th (2)G erefore, we write it in the 

form 2 1g h u , where (2)
2h G  and  (1)

1u U . Similarly, 

2 3 2h h u , where  (2)
2h G  and  (2)

2u U .  

Continuing this process, we obtain the desired for-
mula.  

In the future, we will also need many inverse elements 
of the transversal 

 

( )

1

ˆ ˆ ,
m

i

i

U U


  

 

( ) 1 ( )ˆгде : ( ( ) )i i
iU u  ∣  

To find items in ( )iU  and ( )ˆ iU  we need an auxiliary 

array of indices m nA  , whose elements are defined as 

follows: 
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( )

( ) ( )

( )

[0,| | 1] –  

: the element number of ( ) in , if ;

1 if .

i
ij

i i
ij i

i

a U

A u j U j

j

  
  

 

 

 

Below is an algorithm that received a word at the in-
put consisting of a product of elements 1 2 lg g g  of the 

group G, its base B, the transversal U and its inverse Û , 
as well as an auxiliary array A, returns canonical represen-
tation 1 1m mu u u   of this product. 

Algorithm А–1. 1 1 1 2
ˆFactor( , , , , )m m lu u u g g g U U A B     

Input: 1 2 lg g g , Û , A and B 

Output: 1 1m mu u u   

1. :h B  
2. For all 1, 2, ,i l   

3. 1 2: ( , , , )i i ig g g
mh h h h   

4. For all 1,2, ,i m   

5. : [ ]j h i  

6. ( ): [ ]i
i iju U a  

7. 1 ( )ˆ: [ ]i
i iju U a   

8.  
1 1 1

1 2: ( , , , )i i iu u u
mh h h h

  

   

9. Return 1 1m mu u u   

Suppose ( )iT O f  and ( )iM O f  is upper asymp-

totic estimates of the computational and space complexity 
of the i  algorithm, respectively. 

 

Lemma 3.  Algorithm A–1 is correct and  
2

1 ( )T O l m m   . 

Proof. The correctness of the algorithm follows from 
Lemmas 1 and 2. First we get the base image of the ele-
ment 1 2: lg g g g  , and then at each [1, ]i m  stabilize 

the point βi B . As a result, we get 
1 1

1 mgu uB B
   .  

Consequently,  1 1m mg u u u  . 

To assess the computational complexity, we note that 
the number of operations in a cycle of 2–3 is limited 

( )O l m , and cycle 4–8 – 2( )O m . Therefore, 
2

1 ( )T O l m m   .  

Decomposition (1) makes it possible to effectively 
number all g G , using the method of listing tuple ele-

ments in a mixed number system [16]. Suppose 

1 1: ( , , , )m mc c c c   is the basis of a mixed base notation 

in which 1 : 1c   and ( 1)
1 | |i

i ic c U 
   for 2i  . 

Suppose 1 1: m mg u u u  . We define a bijective 

mapping 1 1 1: ( , , ),m m mu u u a a    where 
( )[0,| | 1]i

ia U  is a number of the element iu  in ( )iU . 

We note that the vector 1( , , )ma a  is a number 

( ) [0,| | 1]g G   in the scale of notation with mixed 

base 1( , , )mc c . 

Suppose : ( )k g   is the element number g . 
 

Lemma 4. Computational complexity ( )g  и 
1( )k  does not exceed ( )O m . 

Proof. Suppose 1 1m mg u u u   and ia  is number 

iu  in ( )iU . Then 1 1( ) m mk g a c a c   . 

In backward case 1
1 1( ) m mg k u u u
   , where 

factors iu  are calculated as follows: 

1. For all 1,2, ,i m   

2. ( ): mod| |i
ia k U  

3. ( ): /| |ik k U     

4. ( ): [ ].i
i iu U a  

Obviously, the number of operations in these proce-
dures does not exceed ( )O m .  

Comment 1. For definiteness, we assume that all se-

quences ( )iU  start with a unity element e. In this case 
( ) : 0e  . 

For numbering the elements of a group, we need to 
know its base B and the complete family of representa-
tives of adjacent classes U. To calculate them, we will  
use the well-known Schreyer – Sims algorithm proposed 
by C. Sims in 1970 [17]. Currently, there is a variety  
of its modifications [18]. The most efficient versions  
of the algorithm have low computational complexity  
and are implemented in computer algebra systems such  
as GAP, Magma, and Mathematica, as well as in the 
SymPy library for Python. 

2. Cayley graph routing algorithms. To find the 
shortest paths on Cayley's graph ( , )Cay G X  we need a 

routing table 2 | |GP  , which is also called the parent tree 

[19]. The following is an algorithm that, having received 
at the input a generating set of a group X , its base B, the 

transversal U  and its inverse Û , as well as a backing 
array A, returns the specified table. 

Hereinafter, we will be interested in the case 
| | | |X G  and | |n G . 

Algorithm А–2. ˆBFS( , , , )P X U UA B  

Input: X , U , Û , A and B 
Output: Routing table P on Cayley's graph 
( , )Cay G X  

1.  2 | | :GP       

2. : ( ) : 0k e   

3. [1][ ] : 1P k    

4. [2][ ] : 1P k    

5. : { }Q k  

6. Until Q    

7.     pop q Q  from the queue 

8.     For all x X  

9.        1 ˆ: Factor( ( ) , , , , ) s q x U U A B   

10.       : ( ) k s   
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11.       If [1][ ]P k    

12.           add k  to the queue Q  

13.            [1][ ] :P k q  

14.           [2][ ] :P k x  

15. Return P 
Theorem 1. Algorithm A–2 is correct and  

2
2 ( | | | |)T O m X G   . 

Proof. This algorithm is a classical method in breadth-
first search on a graph [19]. In this case, the vertex with 
the unit element number e (according to comment 1, we 
have ( ) : 0e  ) will be the root of the parent tree P. 

Suppose gx h , where ( )g k  and ( )h l , then  

[1][ ] :P l k , [2][ ]P l x . That means the vertex k  is the 

parent of the vertex l and x is edge tokens ( , )k l . 

We need to check altogether | | | |X G  of elements. 

The verification time for each element according to 

Lemmas 3 and 4 is limited 2( )O m . Accordingly, 
2

2 ( | | | |)T O m X G   .  

The following algorithm using the routing table P cal-
culates the shortest route 1 2: sw x x x   between vertexes 

, ( , )a b Cay G X , where ix X . It's obvious that s D , 

where D is diameter of the graph. 

Algorithm А–3. ˆRoute( , , , , , )w a b U UA B P  

Input: а, b, U , Û , A, B and P 
Output: 1 2: sw x x x   the shortest route from the 

vertex a to the vertex b 
1. : [ ]w   – empty word 

2. 1
1 : ( )g a   

3. 1
2 : ( )g b   

4.
2

1
1

ˆ: Factor( , , , , )g g g U U A B  

5. : ( )k g   

6. :l k  

7. Until [1][ ] 1P k    

8.     : [1][ ]k P l  

9.     : [2][ ]w P l w   – string concatenation 

10.   :l k  
11. Return w 
Theorem 2. Algorithm А–3 is correct, 

2
3 ( )T O m D   and 3 ( | |)M O m n G   . 

Proof. Cayley's shortest route from the vertex a to the 
vertex b will be a minimal word 1 2: sw x x x   of the 

element 1
1 2:g g g , where 1

1 : ( )g a  , 1
2 : ( )g b   

and ix X  [4]. Suppose k  is an element vertex number 

g . Moving through the parent tree P from the vertex k  

to its root, we will get the desired route. 

Items 1–6 are limited in time 2( )O m , and cycle 7–10 

is ( )O D . As a result, we get 2
3 ( )T O m D  . 

Space complexity of variables U , Û , A, and B is lim-
ited ( )O m n , and tables P – (| |)O G . So, 

3 ( | |)M O m n G   .  
 

Comment 2. In many applied problems in the study of 
Cayley's graph : ( , )Cay G X   the order of the generat-

ing group G  significantly exceeds its degree, i. e. 
| |m n G  . In this case 3 (| |)M O G . 

Example. Let us consider the group G X   , gener-

ated by two cycles (1,5, 4)x   and (3,4)y  . Let us cal-

culate in GAP a base of G  and a transversal: 
 

(1,3,4),B   
 

(1)

(1)

( , (1,4)(3,5), (1,5)(3,4), (1,3)(4,5)),

(1,4,5,3),

U e

 
 

 

(2) (2)( , (3, 4,5), (3,5, 4)), (3, 4,5),U e    
 

(3) (3)( , (4,5)), (4,5).U e    
 

Using Algorithm 2, we get the Cayley graph 
( , )Cay G X   and its parent tree P  (fig.1). 

To illustrate Algorithm 3, we find the distance from 
the vertex : 15a   to : 22b  . 

 

1 (3) (2) (1)
1 : ( ) [1] [0] [3],g a U U U   

 

1 (3) (2) (1)
2 : ( ) [1] [2] [2],g b U U U   

 
 

-1 (3) (2) (1)
1 2: Factor( ) [0] [2] [0],g g g U U U   

 

: ( ) 8.k g   
 

Moving along the parent tree P  from the vertex with 
the number to its root, we get 

 
 

8 20 17 14 6 0.
y yx x x
      

 

Consequently, :w xyxxy . On the graph Г, the route 

will have the following form: 
 

15 19 1 4 10 22.
y yx x x

      
 

 

3. Problem of a minimal word. A small modification 
of algorithm A – 3 allows us to calculate the minimal 
word w from an arbitrary string 1 2: rv x x x   in the al-

phabet of generators X. 

Algorithm А–4. ˆMinimalWord( , , , , )w v U UA B P  

Input: v, U, Û , A, B и P 

Output: 1 2: sw x x x   – the minimal word 

1. : [ ]w   – the empty word 

2. ˆ: Factor( , , , , )g v U U A B  

3. : ( )k g   

4. :l k  
5. Until [1][ ] 1P k    

6.     : [1][ ]k P l  
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7.  : [2][ ]w P l w   – string concatenation 

8.    :l k  
9. Return w 
Theorem 3. 4 (| |)T O v  and 4 ( | |)M O m n G   . 

Proof. According to Lemmas 3 and 4, the execution 

time of items 1–4 is limited 2(| | )O v m m  . Paragraphs 

5–9 of the algorithm represent an upward movement  
in the parent tree P, therefore, the complexity of this sec-
tion does not exceed ( )O D . So we get, 

2
4 (| | )T O v m m D    . If the word is long, then 

4 (| |)T O v . 

Space complexity of variables U, Û , A and B is lim-
ited ( )O m n , and tables P – (| |)O G . So, 

4 ( | |)M O m n G   .  

4. Comparative analysis of algorithms. The follow-
ing table provides estimates of the time and space com-
plexity of algorithms A – 0 and A – 4. 

 
Algorithm 

iT  iM  

A–0 2(| | )O v  (| | | | | |)O X G    

A–4 (| |)O v  ( | |)O m n G   

 
The table shows that the algorithm A – 4 has lower 

computational complexity in comparison with the algo-
rithm A – 0. 

As for space complexity, according to comment 2, for 
many interesting topologies 0 4~ ~| |M M G  will be con-

ducted. 

A – 4 was implemented by the authors in C ++; in 
turn, A – 0 was written in C and is a part of the freely 
distributed KBMAG package. In order to ensure the pu-
rity of the experiment, these algorithms were broadcast by 
the GCC compiler with the same parameters. At the initial 
stage, two groups were tested. 

a) symmetrical group 9S Y   , where 

{( , 1) [1,8]}Y i i i  ∣ . Caley graph 9( , )Cay S Y is also 

called a bubble sort graph. It is well known that !nS n , 

1m n   and 
( 1)

( )
2Y n

n n
D S


 . 

б) Matthew's sporadic simple group 22M X   , 

where 1
1 2 2{ , , }X x x x  and 

 

1 (1,13)(2,8)(3,16)(4,12)(6, 22)(7,17)(9,10)(11,14)x  ; 
 
 

2 (1, 22,3, 21)(2,18, 4,13)(5,12)(6,11,7,15)

(8,14, 20,10)(17,19)

x 
. 

 

Therein 22| | 443520M  , 5m   and 22( ) 34XD M  . 

Fig. 2 shows graphs of time dependence 4 ( )T l  execu-

tion of algorithm A – 4 for groups 9S Y     and  

22M X    depending on the length of the incoming 

word. 
Fig. 3 shows graphs of the dependence of time 0 ( )T l  

and 4 ( )T l  on the length of the input word for the specified 

groups. 
These graphs clearly show that algorithm A – 4 is 

much faster than A – 0.  

 
 

 
 

Fig. 1. The Cayley graph Γ = Cay(G, X) and its parent tree. 
The edges of the graph Γ with the label x are represented as a straight line  

and y as an arc 
 

Рис. 1. Граф Кэли Γ = Cay(G, X) и его родительское дерево P. 
Ребра графа Γ с меткой x представлены в виде прямой линии,  

а y в форме дуги 
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Fig. 2. Graphs of 4 ( )T l  for 9S Y    and 22M X    

 
Рис. 2. Графики 4 ( )T l  для групп 9S Y    и 22M X    

 

 
 

  
Fig. 3. Graphs of 0 ( )T l  (dotted line) and 4 ( )T l  for groups 9S Y    and 22M X    

 
Рис. 3. Графики 0 ( )T l  (пунктир) и 4 ( )T l  для групп 9S Y    и  22M X    

 
 
Conclusion. The algorithms presented in this paper 

will serve as a starting point for creating new resource-
efficient routing algorithms. Two directions can be distin-
guished. Firstly, it is the creation of algorithms that take 
into account the network topology. In this case, algo-
rithms will be designed for specific classes of Cayley 
graphs. Secondly, it is the development of hybrid algo-
rithms that include both static and dynamic routing tables. 
This will allow to calculate the optimal routes depending 
on the current state of the network. 
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PIECEWISE APPROXIMATION BASED ON NONPARAMETRIC MODELING ALGORITHMS 

 
E. D. Mikhov 

 
Siberian Federal University 

79, Svobodnii Av., 660041, Krasnoyarsk, Russian Federation 
E-mail: edmihov@mail.ru 

 
In this research the issue of inertialess processes modeling is under study. The main modeling algorithm is the non-

parametric recovery algorithm of the regression function. The algorithm allows to build a process model under condi-
tions of low a priori information. This feature may be particularly important in modeling processes of large dimensions 
prevailing in the space industry. One important feature of the algorithm for nonparametric estimation of the regression 
function is that the accuracy of modeling using this algorithm highly depends on the quality of the observations sample. 
Due to the fact that in processes with large dimensions of input and output variable vectors observation sampling  
elements are in most cases unevenly distributed, the development of modifications to improve the quality of modeling  
is relevant. 

The modification of the nonparametric dual algorithm based on piecewise approximations has been developed.  
According to the proposed modification, the process area is divided into sub-areas and a non-parametric estimate of 
the regression function for each of these sub-areas is recovered. The proposed modification reduces the impact of some 
observation sampling features, such as sparseness or voids in observation samples on the quality of the built model. 

The computational experiments were carried out, during which a comparison was made between the classical algo-
rithm of non-parametric estimation of regression function and the developed modification. As the computational ex-
periments have shown, with uniform distribution of the sample elements of observations, the developed modification 
does not lead to the improvement of the quality of modeling. With a substantial uneven distribution of the observations 
sample elements, the developed modification resulted in a 2-fold improvement in the quality of the simulation. The re-
sults suggest that the proposed modification can be used to model complex technological processes, including those in 
the space industry. 

 
Keywords: identification, nonparametric estimation of the regression function, piecewise approximation. 
 

КУСОЧНАЯ АППРОКСИМАЦИЯ, ОСНОВАННАЯ НА НЕПАРАМЕТРИЧЕСКИХ  
АЛГОРИТМАХ МОДЕЛИРОВАНИЯ 

 
Е. Д. Михов 

 
Сибирский федеральный университет 

Российская Федерация, 660041, г. Красноярск, просп. Свободный, 79 
Е-mail: edmihov@mail.ru 

 
Рассматривается вопрос моделирования безынерционных процессов. В качестве основного алгоритма мо-

делирования используется алгоритм непараметрического восстановления функции регрессии. Рассматривае-
мый алгоритм позволяет построить модель технологического процесса в условиях малой априорной информа-
ции. Это может быть важно при моделировании процессов больших размерностей, превалирующих в косми-
ческой отрасли. Одной из важных особенностей алгоритма непараметрической оценки функции регрессии 
является то, что точность моделирования с использованием этого алгоритма сильно зависит от качества 
выборки наблюдений. В связи с тем, что в процессах с большой размерностью векторов входных и выходных 
переменных элементы выборки наблюдений в большинстве случаев распределены неравномерно, разработка 
модификаций, позволяющих улучшить качество моделирования, является актуальной. 

Разработана модификация алгоритма непараметрического дуального на основании кусочно-заданных аппрок-
симаций. Согласно предложенной модификации, область существования процесса разделяется на подобласти  
и производится восстановление непараметрической оценки функции регрессии для каждой из этих подобла-
стей. Предложенная модификация позволяет уменьшить влияние некоторых особенностей выборки наблюде-
ния, таких как разрежённости или пустоты в выборках наблюдений, на качество построенной модели. 
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В ходе вычислительных экспериментов проводилось сравнение между классическим алгоритмом непара-
метрической оценки функции регрессии и разработанной модификацией. Как показали вычислительные экспе-
рименты, при равномерном распределении элементов выборки наблюдений разработанная модификация  
не приводит к улучшению качества моделирования. При существенной неравномерности распределения эле-
ментов выборки наблюдений, разработанная модификация приводила к улучшению качества моделирования  
в два раза. Полученные результаты позволяют утверждать, что предложенная модификация может быть 
использована для моделирования сложных технологических процессов, в том числе и для процессов, имеющих 
место в космической отрасли. 

 
Ключевые слова: идентификация, непараметрическая оценка функции регрессии, кусочная аппроксимация. 
 
Introduction. The article studies the problem of iner-

tialess technological processes identification. 
The scheme of the simulated process is shown in the 

fig. 1 [1]. 
The following notations are used in fig. 1: ( )u t


 – in-

put variables vector; ( )x t


 – output variables vector;  

( )t


 – interference effect; О – process. 

The main modeling algorithm is the nonparametric 
regression function recovery algorithm [2–5], and 
piecewise-defined approximations [6–8]. 

When getting a sample of observations, not only the 
sample of observations size is important, but also its 
quality. The quality of a sample of observations is the 
accuracy of  parameters readout, the presence of outliers 
in it, the uniformity of the distribution of the sample of 
observations, etc. 

Special attention is paid to the problem of modeling 
the process with an uneven distribution of the sample of 
observations [9–11]. 

In some tasks, a sample of observations can be 
distributed over an area where the process ( , )u x


 occurs 

with sparseness, voids, or concentration of the sample of 
observations elements. As an example, fig. 2 shows an 
unevenly distributed sample of observations. 

In fig. 2, the area 1 contains the so-called sparseness 
in the observation samples, number 2 denotes voids in 
space ( , )u x


, and number 3 denotes the elements of the 

observation sample. 
 

 
Fig. 1. The simulated process 

 
Рис. 1. Моделируемый процесс  

 
For nonparametric estimation of the regression 

function, the quality of the sample of observations is of 
particular importance. With an uneven distribution of the 
observations sample there arises the difficulty in setting 
up the blur parameters cs vector, as some areas are sparse 
and it is assumed that in such cases cs should be large, and 
in some areas there is concentration  and it is assumed 
that for these cases cs should get a small value.  Undoubt-
edly, all this also affects the quality of the resulting 
model.  

 
 

 
 

Fig. 2. Uneven sample of observations 
 

Рис. 2. Неравномерно распределенная  
выборка наблюдений 
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Fig. 3. Determination of blur parameter 
 

Рис. 3. Определение параметра размытости 
 
 
The process of building a mathematical model of the 

technological process shown in fig. 1 can be divided into 
several consecutive stages: 

1) getting a priori information about the process; 
2) getting a sample of observations; 
3) choosing a metod of  building a mathematical 

model; 
4) building a mathematical model. 
The article focuses on the stage of choosing a method 

for constructing a mathematical model. 
Nonparametric recovery of the regression function. 

“Parametric approach” implies that the structure of the 
process or object under study is known, but the parame-
ters of this structure are not known. 

The type of algorithm used depends on the level of a 
priori information. If a priori information is sufficient to 
select the object structure, then parametric algorithms can 
be used. 

Nonparametric identification is generally implemented 
using a nonparametric estimation of the regression func-
tion. 

, ,

1 1

, ,

1 1
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s j j i

i
si j

s s ns
s j j i

si j

u u
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x u

u u
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.                   (1) 

 

In (1) the following notations are used: Ф(*) – is a 
bell-shaped smoothing function; сs – is the blur parame-
ter. 

The quality of the built model directly depends on the 
chosen blur parameter сj

x. This coefficient determines the 
degree of participation of the sample elements in the cal-
culation of sx at the  uм point. 

As shown in fig. 3, only those variables that have |u – 
uм| < cs participate in building the model at the  uм point, 
and the closer |u – uм| is to zero, the more influence this 
point has on the results of calculations. 

In nonparametric estimation of the regression func-
tion, the quality of the sample of observations is of par-
ticular importance. Of course, for any model, the quality 
of the sample of observations also affects the accuracy of 

the constructed model, but in the case of nonparametric 
estimation of the regression function, this is of particular 
importance. 

Piecewise-defined approximation One of the options 
for building a mathematical model of the process the 
ideas of which will be further used is a piecewise-defined 
approximation. 

The idea of a piecewise-defined approximation is to 

divide the Omega area into some sub-areas ( ), 1,i u i m 


 

(fig. 4), and to build for each area ( )i u


 its own 

mathematical model of the process. 
One of the most well-known piecewise-defined 

approximations are spline functions. The advantage of 
this approach is that unevenness of the sample of 
observations does not have a big impact on the quality of 
the model. The weak side of spline functions is that it is 
quite difficult to select a function and set parameters for 
each area ( )i u


 for the tasks of large dimensions. 

The developed modification of the nonparametric 
estimation of the regression function. The complexity 
of nonparametric estimation of the regression function, in 
contrast to spline functions, increases much more slowly. 
In this regard, it seems logical to combine the idea of a 
piecewise-defined approximation and a nonparametric 
estimation of the regression function. 

The following modification of the nonparametric 
estimation of the regression function has been developed: 

The stage of building the model: 
1)  omega area is divided into sub-areas ( )i u


; 

2) for each area ( )i u


, the regression function is re-

covered using a nonparametric estimation of the regres-
sion function; 

3) the blur vector is being set for each area ( )i u


 [12]. 

The stage of making a forecast at  point u


: 
1) the area ( )i u


 to which the point u


 belongs  is 

defined; 
2) the regression function is recovered using the set 

vector of blur parameters for the area ( )i u


. 

Sub-areas ( )i u


 can be split by various methods. It is 

possible to apply  the algorithms for splitting samples into 
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classes, or choose the classic way for splines and split the 
entire area of input variables definition into equal parts 
and set the vector of blur parameters for each of them. 

Computational experiments. The numerical 
experiments were performed comparing the classical 
nonparametric estimation of the regression function with 
the proposed modification. Numerical experiments were 
performed for several cases that differ in the uneven 
distribution of the components of the observation 
samples. 

First of all, an experiment was conducted to model an 
object described by the following equation: 

 

1 2 3 4 5 6

1 2 3 4 5 6

( ) ( , , , , , )

6sin( ) 2 / 6 4cos( ) 8 .

f u f u u u u u u

u u u u u u

 

     


     (2) 

 

It should be noted that the algorithm for the regression 
function recovery does not identify the type of equation. 
The equation is only used for generating a sample of 
observations. 

The following initial data were taken for the 
experiment: the size of the sample of observations  
s = 4000; the amount of interference affecting the object 

4 %; (0;3);u  


 the elements of the sample of 

observations are distributed evenly. 
The model will be constructed using an algorithm for 

nonparametric estimation of the regression function and 
using the proposed modification of the algorithm. 

The simulation results are shown in tab. 1 
According to the results of the experiment, the average 

forecast error in the modified algorithm slightly 
decreased, as well as the time for setting the blur 
parameters and the speed of making the forecast  
increased. 

This experiment showed that if the sample of 
observations is uniformly distributed, it is not necessary 
to divide the elements of the sample of observations into 
classes. Here we would like to note that the considered 
case is quite rare in practice. The sample almost always 
has concentration or sparseness. 

In the next numerical experiment, the sample of 
observations will have sparseness and concentration of 
the elements of the sample of observations. 

The results of object modeling under these conditions 
are summarized in tab. 2. 

 
 
 

 
 

Fig. 4. Split of ( )i u


 into sub-areas ( )i u


 

 
Рис. 4. Разбиение ( )i u


 на подобласти ( )i u


 

 
 
 

Table 1 
The results of the regression function recovery 

 

 Nonparametric algorithm 
for the regression function recovery 

Modified nonparametric algorithm  
for the regression function recovery 

Average forecast error, % 3 4 
Blur paramerers  setting time, ms 30 70 
Forecasting speed, ms 45 69 

 
 

Table 2 
The results of the regression function recovery 

 

 Nonparametric algorithm  
for the regression function recovery 

Modified nonparametric algorithm  
for the regression function recovery 

Average forecast error, % 14 7 
Blur paramerers  setting time, ms 35 70 
Forecasting speed, ms 52 84 
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Table 3 
The results of the regression function recovery 

 

 Nonparametric algorithm  
for the regression function recovery 

Modified nonparametric algorithm  
for the regression function recovery 

Average forecast error, % 23 8 
Blur paramerers  setting time, ms 36 69 
Forecasting speed, ms 49 78 

 
 
According to the experiment, the difference between 

the average simulation error of the classical algorithm for 
nonparametric estimation of the regression function and 
the proposed modification is higher than in the 
experiment shown in tab. 1. Based on this, we can 
conclude that when heterogeneity appears in the sample 
of observations, the proposed modification allows us to 
estimate the regression function more accurately. 

To confirm this assumption, another experiment was 
conducted, which introduced an even greater 
heterogeneity in the observation sample than in the 
experiment shown in tab. 2. 

The results of this experiment are summarized in tab. 3. 
As can be concluded from tab. 3, when the uneven 

distribution of the sample of observations elements 
increases, the accuracy of the proposed modification 
becomes higher than the accuracy of the classical 
algorithm. 

It is important to note that unevenness in the sample of 
observations is ubiquitous when modeling objects with 
large input-output dimensions. 

Conclusion. The modification of the algorithm for 
nonparametric recovery of the regression function has 
been developed. The modification consists in using the 
idea of piecewise-defined approximations and splitting 
the modeling area into sub-areas, for each of them the 
regression function is separately recovered . 

During the computational experiments, it was 
demonstrated that the proposed modification significantly 
improves the quality of modeling the process when the 
elements of the sample of observations are distributed 
unevenly, there are sparseness and voids in the sample of 
observations. It is important to note that there are other 
methods for dealing with an unevenly distributed sample 
of observations [13–15]. 
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ELASTIC-PLASTIC PROBLEM IN THE CASE OF INHOMOGENEOUS PLASTICITY  

UNDER COMPLEX SHEAR CONDITIONS 
 

S. I. Senashov1*, I. L. Savostyanova1, O. N. Cherepanova2 
 

1 Reshetnev Siberian State University of Science and Technology 
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation 

2 Siberian Federal University 
79, Svobodniy Av., Krasnoyarsk, 660041, Russian Federation 

*E-mail: sen@sibsau.ru 
 
In this research, the authors solved a two-dimensional elastic-plastic problem of the stress state under complex 

shear conditions in the body weakened by a hole that is bounded by a piecewise smooth contour. The stress state of a 
complex shear occurs in a cylindrical body of infinite length under the action of loads directed along the cylinder gen-
erators and constant along the generators. At the same time, with a sufficiently large load, both elastic and plastic 
zones appear in the body. As in any problem of this kind, it is necessary to find a previously unknown boundary separat-
ing the elastic and plastic zones. Finding such a boundary is not an easy task, but the specificity of elastic-plastic prob-
lems of complex shear is that solving such problems is easier than solving similar elastic problems. Apparently, for the 
first time this fact was noted by G. P. Cherepanov. 

A lot of research is devoted to elastic-plastic problems of complex shear in the case of homogeneous and isotropic 
plasticity. All articles that solve complex shear problems essentially use the representation of stresses and displace-
ments in the elastic zone in a complex form. In this research, the problems of complex shear are solved using conserva-
tion laws. It is assumed that the yield strength is a function of the coordinates of the point where the stress state is being 
studied. It is known that the elastic properties of structural materials can be homogeneous and isotropic, while their 
yield point and strength are inhomogeneous. This situation is observed, for example, in the case of neutron bombard-
ment of structural materials. This research will examine exactly this situation. The article presents conservation laws 
for equations describing a complex shear. It was assumed that the components of the conserved current depend on the 
components of the stress tensor and coordinates. The components of the stress tensor are included in them linearly. The 
problem of finding the components of the conserved current was reduced to the Cauchy-Riemann system. The solution 
of this system allowed us to reduce the calculations of the stress tensor components to a curvilinear integral along the 
contour of the hole and thus find the boundary between the elastic and plastic areas. 

 
Keyword: elastic-plastic problem, inhomogeneous plasticity, complex shear, conservation laws. 
 

УПРУГОПЛАСТИЧЕСКАЯ ЗАДАЧА В СЛУЧАЕ НЕОДНОРОДНОЙ ПЛАСТИЧНОСТИ  
В УСЛОВИЯХ СЛОЖНОГО СДВИГА 

 
С. И. Сенашов1*, И. Л. Савостьянова1, О. Н. Черепанова2 

 
1 Сибирский государственный университет науки и технологий имени академика М. Ф. Решетнева 
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В работе решена плоская упругопластическая задача о напряженном состоянии в условиях сложного сдви-

га в теле, ослабленном отверстием, которое ограничено кусочно гладким контуром. Напряженное состояние 
сложного сдвига возникает в цилиндрическом теле бесконечной длины под действием нагрузок, направленных 
по образующим цилиндра и постоянным вдоль образующих. При этом при достаточно большой нагрузке в те-
ле возникают как упругие, так и пластические зоны. Как и в любой задаче подобного рода, возникает необхо-
димость в нахождении заранее неизвестной границы, разделяющей упругую и пластическую зоны. Отыскание 
такой границы непростая задача, но специфика упругопластических задач о сложном сдвиге состоит в том, 
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что решение подобных задач проще, чем решение аналогичных упругих задач. По-видимому, впервые этот 
факт отметил Г. П. Черепанов. 

Упругопластическим задачам о сложном сдвиге в случае однородной и изотропной пластичности посвяще-
на обширная литература. Во всех статьях, в которых решаются задачи о сложном сдвиге, существенно ис-
пользуют представление напряжений и смещений в упругой зоне в комплексном виде. В предлагаемой работе 
решены задачи о сложном сдвиге с помощью законов сохранения. При этом предполагается, что предел теку-
чести является функцией от координат точки, в которой исследуется напряженное состояние. Известно, 
что упругие свойства конструкционных материалов могут быть однородными и изотропными, а при этом их 
предел текучести и прочности – неоднородным. Такая ситуация наблюдается, например, при нейтронной 
бомбардировке конструкционных материалов. В данной статье будет изучена именно такая ситуация.  
В статье приведены законы сохранения для уравнений, описывающих сложный сдвиг. При этом предполага-
лось, что компоненты сохраняющегося тока зависят от компонент тензора напряжений и координат. Ком-
поненты тензора напряжений входят в них линейно. Задача о нахождении компонент сохраняющегося тока 
свелась к системе Коши–Римана. Решение этой системы позволило свести вычисления компонент тензора 
напряжений к криволинейному интегралу по контуру отверстия и тем самым найти границу между упругой и 
пластической областями. 

 
Ключевые слова: упругопластическая задача, неоднородная пластичность, сложный сдвиг, законы сохранения. 
 
Introduction. The stress state of a complex shear oc-

curs in a cylindrical body of infinite length under the ac-
tion of loads directed along the generators of the cylinder 
and constant along the generators [1]. At the same time, 
with a sufficiently large load, both elastic and plastic 
zones appear in the body. As in any problem of this kind, 
it is necessary to find a previously unknown boundary 
separating the elastic and plastic zones. Finding such a 
boundary is not an easy task, but the specificity of elastic-
plastic problems about complex shear is that the solution 
of such problems is easier than the solution of similar 
elastic problems. Apparently, this fact was first noted  
by G. P. Cherepanov [1]. 

A lot of research is devoted to the elastic-plastic prob-
lems of complex shear in the case of homogeneous and 
isotropic plasticity, and its review can be seen, for exam-
ple, in [1]. In all articles that solve complex shear prob-
lems, the representation of stresses and displacements in 
the elastic zone in a complex form is significantly used. In 
this research, we solve the problem of complex shear us-
ing conservation laws. For the first time, plasticity prob-
lems were solved using conservation laws in [2–6]. In 
articles [3; 7–12], the method of conservation laws was 
successfully applied to finding elastic-plastic rods and 
beams. In this article, this technique is used for the first 
time to solve elastic-plastic problems. And it is assumed 
that in the plastic area, the yield strength is a function of 
the coordinates of the point at which the stress state is 
studied. It is known that the elastic properties of structural 
materials can be homogeneous and isotropic, and their 
yield strength and strength – inhomogeneous. This situa-
tion is observed, for example, in the case of neutron bom-
bardment of structural materials [13]. This article will 
study exactly this situation. 

1. Basic ratios. The shear and stress fields in this case 
are as follows [1] 
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Here u, v, w – shear vector components, , ,x y   

, , ,z xy xz yz     – stress tensor components, x, y, z – car-

tesian coordinates, the z axis is directed parallel to the 
generator 
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( Hooke's law).            (3) 

 

Here  G – a constant called the shear modulus. 
From (2), (3) follow the ratios in the elastic zone 
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From (2) and  (5) it follows that 1 2,   satisfy the 
Cauchy-Riemann equations 
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In the plastic area, there is a ratio (2), and  also 
 

1 2 2 2 2( ) ( ) k     (the yield condition);             (7) 
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 (Genki equation).                   (8) 

 

Here  k(x, y) – some smooth function equal to the 
yield strength at pure shear [13]. 

At the boundary of elastic and plastic areas, stresses 
and shears  are assumed to be continuous. 

2. Conservation laws. The conservation law for the 
system of equations (6) is the following ratio 
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where 1 2( , , , )i i x y      –  some functions that are si-

multaneously not not equal to zero. 
Comment. A more general definition of conservation 

laws and their use in the mechanics of a deformable solid 
can be found, for example, in [4; 6; 14]. In [15], you can 
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read about the application of the group analysis technique 
for constructing solutions for the equations of inhomoge-
neous elasticity theory. 

For the purposes set out in the article, a simplified 
formulation in the form of (9) is quite appropriate. 

In the case of (9), the values A and B are called the 
components of the conserved current. 

Let us assume that components A And B have the fol-
lowing form 

 

1 1 1 2 1 2 1 2 2 2 ,,A B                    (10) 
 

where      , , , , ,i i i i i ix y x y x y          – some 

smooth functions to be defined. Substituting (10) in (9), 
as a result we get 
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where the index at the bottom means the derivative of the 
corresponding variable. 

From  (11)  we get 
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From (12), excluding i we get 
 

1 1 1 1 1 20, 0, 0.x y x y x y         
           

(13) 
 

Due to the ratios (12), the components of the con-
served current have the form 

 

1 1 1 2 1 1 1 1 2 2.,A B                     (14) 
 

Since the right part (9) is zero, by Green formula we 
obtain 
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(15) 

 

Where S – area, S  – its piecewise smooth border. All 
functions included in (15) are assumed to be smooth. 

Elastic plastic problem for an arbitrary hole in the 
case when the plastic area covers the entire hole. Let  
С – a piecewise smooth contour with a load applied to it 

 

1 1 2 2 , ,n nl l k      
                

(16) 
 

where 1 2( , )l l  – the components of the normal vector to 

contour C. The contour of the plastic area L completely 
covers the hole C (see fig. 1). 

In this case, in addition to condition (16), the yield 
condition (7) on the contour C is also satisfied. Thus, 
there are two conditions on C: 
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From conditions (17), we find the stress tensor com-
ponents on the conour C: 
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Further, for certainty in formulas (18), we will choose 
the upper sign. 

4. The use of conservation laws to find the stress 
tensor component in the area. Let the point  ,m mM x y  

lie outside of contour C. Let us build a radius   circle 
centered at point M. We have 

2 2 2: ( ) ( )m mx x y y      . Let D be a straight line 

connecting point M with contour C. We get a closed con-
tour consisting of a circle  , a straight line D, and contour 
C (fig. 2). 

From  (15) we get 
 

0.

C
D

D

Ady Bdx Ady Bdx

Ady Bdx Ady Bdx



 

   

    

 

 



             

(19)  

 
 

 
 

Fig. 1. Elastic-plastic problem for an arbitrary hole in the case when  
the plastic area covers the entire hole 

 
Рис. 1. Упруго пластическая задача для произвольного отверстия в случае,  

когда пластическая область охватывает все отверстие 
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Fig. 2. Closed contour consisting of a circle
 
 ,  straight line D, and  contour C 

 
Рис. 2. Замкнутый контур, состоящий из окружности  , прямой D и контура С 

 
 

The sum of the second and third terms in (19) is zero, 
since the integrals are calculated in different directions. 
Finally from (19) we have 

 

.
C

Ady Bdx Ady Bdx


                   
(20) 

 

We transform the right side of equation (20) by intro-
ducing parameterization cos cos ,x t   ,y sint   

0 2 .t    As a result, we have 
 

 
2

0
.Ady Bdx Acost Bsint dt




              

(21) 
 

Let in (15) 

1 1
2 2 2 2

, .
x y

x y x y
    

               

(22) 

 

Then from (21) we get 
 

 

 

2

1 1 1 10

2 1 1

0
2 , .m m

A dy B dx A cost B sint dt

dt x y






    

   

 

       
(23) 

 

The last equality in (23) is obtained using the theorem 
on the mean at   tending to zero. 

Let in (15) 

1 1
2 2 2 2

, .
y x

x y x y
   

                      

(24) 

 

Then from (21) we get 
 

 

 

2

2 2 2 20

2 2 2

0
2 , .m m

A dy B dx A cost B sint dt

dt x y






    

   

 




       

(25) 

 

The last equality in (25) is obtained using the theorem 
on the mean at   tending to zero. 

The last equality in (25) is obtained using the theorem 
on the mean at   tending to zero. 

From the formula (20), as well as from (23) and (25), 
we get 

 

 

1
1 1

2
2 2

2 , ,

2 , .

m mC

m mC

A dy B dx x y

A dy B dx x y

   

   




              

(26) 

Formulas (26) make it possible to find the components 
of the stress tensor at any point outside the contour C. 
This allows to set the boundary between the elastic and 
plastic areass. If the condition of plasticity 

1 2 2 2 2( ) ( ) k     is satisfied at a point ,m mx y , then this 
point belongs to the plastic area, when the condition 

1 2 2 2 2( ) ( ) k     is satisfied , to the elastic. 
Comment. The above formulas allow us to solve elas-

tic-plastic problems, even if the plastic contour does not 
completely cover the contour C, provided that the plastic-
ity condition is satisfied on the contour C (7). 
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GRADIENT BOOSTING METHOD APPLICATION TO SUPPORT PROCESS DECISIONS  

IN THE ELECTRON-BEAM WELDING PROCESS 
 

V. S. Tynchenko, I. A. Golovenok, V. E. Petrenko, A. V. Milov, A. V. Murygin 
 

Reshetnev Siberian State University of Science and Technology 
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation 

E-mail: vadimond@mail.ru 
 
The purpose of the study is to develop a technological process mathematical model of creating permanent joints of 

dissimilar materials based on electron-beam welding using machine learning algorithms. Each of the connected ele-
ments is a responsible unit of the complex device, due to this fact, strict criteria are set for the quality of the welded 
joint. In essence, the set task is a regression task. There are many algorithms suitable for solving the regression prob-
lem. However, often the use of one algorithm does not provide sufficient accuracy of the result. One way to solve this 
problem is to develop a composition of algorithms to compensate for the problems of each of them. One of the most 
effective and potent compositional algorithms is the gradient boosting algorithm. This algorithm use will improve the 
quality of the regression model. The proposed model will allow the technologist to set the process parameters and to get 
an assessment of the final product quality, as well as by setting input and output values. The use of assessment methods 
and forecasting will reduce the time and labor costs of searching, developing and adjusting the process. A description 
of the gradient boosting algorithm is given, as well as an analysis of the applicability of this algorithm to the model and 
a conclusion regarding the areas of its applicability and the reliability of the forecasts obtained by its direct use. In 
addition, we consider the process of direct model training based on the data obtained as part of search experiments to 
improve the quality of  final product. The results of the applicability analysis allow us to judge the admissibility of using 
the proposed method for processes that have similar statistical dependencies. The application of the proposed approach 
will make it possible to support the adoption of technological decisions by specialists in electron-beam welding during 
the development of the technological process and when new types of products are put into production. 

 
Keywords: electron-beam welding, technological process, experiments, gradient boosting, machine learning. 
 

ПРИМЕНЕНИЕ МЕТОДА ГРАДИЕНТНОГО БУСТИНГА ДЛЯ ПОДДЕРЖКИ ПРИНЯТИЯ  
ТЕХНОЛОГИЧЕСКИХ РЕШЕНИЙ В ПРОЦЕССЕ ЭЛЕКТРОННО-ЛУЧЕВОЙ СВАРКИ 

 
В. С. Тынченко, И. А. Головенок, В. Е. Петренко, А. В. Милов, А. В. Мурыгин 

 
Сибирский государственный университет науки и технологий имени академика М. Ф. Решетнева 

Российская Федерация, 660037, г. Красноярск, просп. им. газ. «Красноярский рабочий», 31 
E-mail: vadimond@mail.ru 

 
Целью исследования является создание математической модели технологического процесса изготовления 

неразъемных соединений разнородных материалов на основе электронно-лучевой сварки с использованием ал-
горитмов машинного обучения. Каждый из соединяемых элементов представляет собой ответственный узел 
комплексного устройства, в связи с чем выставляются жесткие критерии к качеству сварного соединения.  
В сущности, поставленная задача представляет собой задачу регрессии. Существует множество алгорит-
мов, подходящих для решения задачи регрессии. Однако зачастую использование одного алгоритма не обеспе-
чивает достаточной точности полученного результата. Одним из способов решения такой проблемы является 
построение композиции алгоритмов для компенсации проблем каждого из них. Одним из наиболее эффектив-
ных и мощных алгоритмов композиции является градиентный бустинг. Использование данного алгоритма  
повысит качество модели регрессии. Предлагаемая модель позволит технологу задавать параметры техноло-
гического процесса и получать оценку качества конечного изделия равно как по заданию входных, так и выход-
ных величин. Использование методов оценки и прогнозирование снизит временные и трудовые затраты  
на поиск, отработку и наладку технологического процесса. Приводится описание алгоритма градиентного 
бустинга, а также анализ применимости данного алгоритма к модели, равно как и заключение касательно 
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областей его применимости и достоверности прогнозов, получаемых при его использовании. Кроме того, рас-
сматривается процесс непосредственного обучения модели на основе данных, полученных в рамках проведения 
поисковых экспериментов для улучшения качества конечного изделия. Результаты анализа применимости по-
зволяют судить о допустимости использования предложенного метода для процессов, имеющих схожие ста-
тистические зависимости. Применение предложенного подхода позволит осуществить поддержку принятия 
технологических решений специалистов по электронно-лучевой сварке при отработке технологического про-
цесса и при вводе в производство новых видов продукции. 

 
Ключевые слова: электронно-лучевая сварка, технологический процесс, эксперименты, градиентный бус-

тинг, машинное обучение. 
 
Introduction. For a number of technological proc-

esses the issue of selecting or conscious choosing optimal 
parameters that depend on the quality criteria applied to 
the final product is acute [1–5]. Moreover, this statement 
is also true for ways to search for improvement or trans-
formation of an already established technological process. 
For example, when you need to improve one of the pa-
rameters that determine the quality of the final product, 
without changing the others, or without allowing them to 
deviate by a certain amount. However, some processes, 
such as electron-beam welding [6; 7] are relatively diffi-
cult to adjust or change, due to either insufficient knowl-
edge or integrated complexity, when it is impossible to 
take into account all factors in a way that would allow us 
to uniquely determine the potential changes and the im-
pact of parameters on the process as a whole. This leads 
to the need to search for methods to simplify the process 
of setting up and converting technological processes. 

Considering the technological process as a closed sys-
tem with different input and output parameters, you can 
build an appropriate model and then use it as a tool for 
forecasting and optimization. The purpose of this research 
was to study one of the machine learning algorithms as a 
subject for creating a complex mathematical model that 
would allow forming a conscious view of the choice of 
process parameters in both local and global search for the 
optimum determined by the technologist. This approach 
will significantly reduce the time to set up the technologi-
cal process, as well as the cost of research, which will 
ultimately have a positive impact on the cost and quality 
of products. 

In essence, the task is a regression task. One of the 
most effective and potent composition algorithms is the 
gradient boosting algorithm [8–13]. The use of the pro-
posed mathematical model will improve the quality of 
control of the electron-beam welding process by imple-
menting support for technological decision-making using 
the gradient boosting algorithm. In the future, this ap-
proach can be used for technological processes that have 
similar statistical dependencies. 

Description of the training data set. As the initial 
data, the results of experimental studies conducted to im-
prove the technological process of electron-beam welding 
of a product, the assembly of which consists of elements 
consisting of dissimilar material, were used. The electron 
beam welding unit where the research was conducted is 
designed for electron-beam welding in high vacuum of 
assembly units parts made of stainless steels, titanium, 
aluminum and special alloys. The existing unit  of elec-
tron beam welding provides repeatability of modes within 
the capabilities of the implemented control system. Weld-

ing operations were performed on simulators correspond-
ing to the technological product. To reduce energy input 
during welding: 

1. The welding current value decreased (IW). 
2. The current focus of the electron beam increased 

(IF). 
3. The welding speed increased (VW). 
4. The distance from the surface of the samples to the 

electron-optical system changed (FP). 
According to the set of technological modes parame-

ters, the minimum possible sizes of welding seams were 
provided: the depth of the seam (Depth) and the width  
of the seam (Width). 

During the research, electron-beam welding  
of 18 samples was performed. The results of metal-
lographic control on the size of the welding seam for each 
sample were carried out in 4 cross-sections of the welding 
seam. The accelerating voltage was constant in the range 
of 19.8–20 kV. The obtained data set is collected as a part 
of welding modes, sizes of welding seams in cross sec-
tions of all samples. Statistical indicators of the training 
data set are shown in tab. 1. 

Mathematical statement of the problem. The formal 
statement of the supporting technological decision-
making problem in the process of electron-beam welding 
is a regression problem, in which the characteristics of the 
welded joint must be predicted based on a set of the tech-
nological process initial parameters. The mathematical 
statement of the control problem in this case will be the 
following. Let there be a set of process parameters: IW – 
welding current value, IF – electron beam focusing cur-
rent, VW – welding speed, FP – distance from the sample 
surface to the electron-optical system, Depth – weld 
depth, Width – weld width. There is an unknown target 
mapping dependency: y*: (IW, IF, VW, FP) → (Depth, 
Width), the value of which is known only in the training 
sample. You need to develop a mapping algorithm. 

As part of this work, we have: 
1. Data set: L = {xi, yi},  i = 1…n, where: 
– xiw – welding current, mA; 
– xif  – focusing current, mA; 
–  xvw  – welding speed, r/min; 
– xfp – distance to Electron Optical Welding System 

(EOWS), mm; 
– ydepth  – weld depth; 
– ywidth –  weld width; 
–  x belongs to Q4,  y belongs to Q2, where Q is the set 

of positive rational numbers. 
2. Model f(X), which predicts the values for each  

object, where X is the technological process parameters, 
in this case, the technological parameters of electron 
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beam-welding. To evaluate the quality of the model f (X), 
the following metrics are used: mean square error (MSE); 
mean absolute error (MAE); coefficient of determination 
R2 (R2). 

In this research, f(x) is an ensemble of «Gradient 
Boosting» models (Gradient Boosting Regressor). 

Gradient Boosting. The Gradient Boosting Regressor  
model was implemented using the scikit-learn 0.22.2 
package in Python 3.8 [14; 15]. Boosting is a technique 
for constructing ensembles, in which predictors are not 
built independently, but sequentially. This technique uses 
the idea that the next model will learn from the mistakes 
of the previous one. They have an unequal probability of 
appearing in subsequent models, and those that give the 
greatest error are more likely to appear [16]. The 
algorithm is Gradient boosting: 

1. Initialize the model with a constant value 

0 0
ˆ ˆ ˆ( ,0) , , :f x f f y y    

0
1

ˆ arg min ( , )
n

i
y i

f L y y


  . 

2. For each iteration t = 1…M (M = n_estimators) 
repeat: 

а) count the pseudo-remains rit 

ˆ( ) ( , 1)

( , ( ))
, 1,...,

( )
i i

it
i f x f x t

L y f x
r i n

f x
 

 
    

; 

b) build a new algorithm ht(x) as a regression on 
pseudo-residues 

{(xi, rit)} i = 1...n ; 

c) find the optimum ratio of pt when ht(x)  relative to 
the original loss function: 

1

ˆarg min ( , ( , 1) ( , ))
n

t i i i
i

L y f x t h x
 

       ; 

d) record the model: 

ˆ ( ) ( );t t tf x h x     

e) update the current approximation: 

0

ˆ ˆ ˆ ˆ( , ) ( , 1) ( ) ( )
t

t i
i

f x t f x t f x f x


      

3. Build the final model: 

0

ˆ( ) ( )
M

i
i

f x f x


  . 

In this work, gradient boosting is implemented over 
the decision trees. This implementation of gradient boost-
ing allows you to build a model in the form of a weak 
predictive models ensemble of decision trees. 

In scikit-learn, the Gradient Boosting Regressor model 
builds the model in stages, which allows you to optimize 
arbitrary differentiable loss functions. At each stage, the 
decision tree corresponds to the negative gradient of the 
specified loss function. The main parameters in Gradient 
Boosting Regressor that were selected to find the optimal 
solution: 

1)  n_estimators – the number of steps to increase the 
gradient (the number of weak decision trees used); 

2)  loss – loss function for optimization. (MSE, 
MAE); 

3)  max_depth – maximum depth of each decision 
tree; 

4)  max_features – the number of features by which 
the split is searched; 

5)  min_samples_split – the minimum number of ob-
jects required to split the internal node of the tree; 

6)  min_samples_leaf — the minimum number of ob-
jects in the leaf. 

Selection of optimal parameters for the model. The 
GridSearchCV function, which is part of the scikit-learn 
module, was used to select the optimal parameters in the 
model. The GridSearchCV function implements an ex-
haustive search for the specified parameter values for the 
model. This function implements the „selection” and „as-
sessment” methods. 

Model parameters are optimized by cross – validation 
over the parameter grid.  

Main parameters of the GridSearchCV function: 
1) estimator – the model in which the selection hap-

pens; 
2) param_grid – sets of hyper-parameters that need to 

be checked; 
3) scoring – the metric that will be used for assess-

ment; 
4) cv – the number of blocks in cross-validation.  
Experimental research. 
Experiment setup. The model was set up and trained 

separately for each: ydepth and ywidth, on a set of X parame-
ters. Training a model with optimal parameters on a full 
dataset is designated as train_score. To check the accu-
racy of the model prediction (cv_score), the cross-
validation was used. To get an estimate by cross-
validation, the cross_val_score function from the scikit-
learn module is used.   

 
 

Table 1 
Statistical indicators of the training data set 

 

Indicator IW IF VW FP Depth Width 

Number 72 72 72 72 72 72 
Sample mean 45.666 141.333 8.639 78.333 1.196 1.970 
Mean square deviation 1.678 5.146 2.061 21.494 0.225 0.279 
Minimum 43 131 4,5 50 0.80 1.68 
25 % 44 139 8 60 1.08 1.76 
50 % 45 141 9 80 1.20 1.84 
75 % 47 146 10 80 1.29 2.05 
Maximum 49 150 12 125 1.76 2.60 
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Table 2 
The best results of selection of model parameters for the depth of the seam 

 

n_estimators  loss max 
depth 

max 
features 

min samples leaf min samples 
split 

mean_test_score 

100  MSE 3 2 1 5 0.050862 

90  MSE 3 2 1 5 0.050887 

80  MSE 3 3 1 5 0.050893 

80  MSE 3 2 1 5 0.050893 

80  MSE 3 4 1 4 0.050893 

100  MSE 3 3 1 5 0.050896 

90  MSE 3 3 1 2 0.050898 

80  MSE 3 4 1 2 0.050899 

80  MSE 3 4 1 3 0.050899 

100  MSE 3 3 1 2 0.050900 
 

 
The number of blocks in cross-validation is 4. To im-

prove the accuracy of the check, the algorithm is per-
formed: 

For each  i = 1, …, K: 
1. Randomly shuffle the dataset– DSi. 
2. Get the score using cross_val_score on  DSi – Si. 
3. The final score is the average: 

1

1
_

K

K i
i

cv score S
K 

   

The number of K is selected in this way until: 

1_ _ 0.1K Kcv score cv score   . 

Selection of parameters for the Gradient Boosting 
Regressor (GBR) model. 

The model for the seam depth. Model hyper-
parameters were selected among the following values: 

1. n_estimators: 10, 20, 30, 40, 50, 60, 70, 80, 90, 
100; 

2. loss: MSE, MAE; 
3. max_depth: 1, 2, 3, 4; 
4. max_features:1, 2, 3, 4; 
5. min_samples_leaf: 1, 2, 3, 4; 
6. min_samples_split: 2, 3, 4, 5. 
The search for optimal hyper-parameters was carried 

out using GridSearchCV, where the average absolute er-
ror (MAE) was used as a metric for evaluating each test, 
and the number of blocks in the cross-validation is 5. 

The best ten results, in descending order, are shown in 
tab. 2. 

In tab. 2 the following notations are used: 
mean_test_score – the average value of the test score. 

When fixing the values (loss = MSE, max_depth = 3, 
max_features = 2, min_samples_leaf = 1, 
min_samples_split = 5), n_estimators change graphs were 
built (fig. 1). 

When fixing values (n_estimators = 100, loss = MSE, 
max_features = 2, min_samples_leaf = 1, 
min_samples_split = 5), the max_depth change graphs 
were built (fig. 2). 

When fixing values (n_estimators = 100, loss = MSE, 
max_depth = 3, max_features = 2, min_samples_leaf = 1), 

the graphs of min_samples_split were changes built  
(fig. 3). 

As shown in fig. 3, the best score on the test was 
min_samples_split = 7. 

Best hyper-parameters: n_estimators = 100, loss = 
MSE, max_depth = 3, max_features = 2, 
min_samples_leaf = 1, min_samples_split = 7. 

The importance of technical parameters is distributed 
as follows: xiw – 6 %; xif – 26 %; xvw – 44 %; xfp – 24 %. 

Tab. 3 presents the scores of the mathematical model 
for the depth of the weld. 

 
Table 3 

The scores of a mathematical model for the depth  
of the welding seam 

 

Scores R2  MAE 

train_score 0.932651  0.042958 

cv_score 0.896255  0.044262 

 
The search for optimal hyper-parameters was carried 

out using GridSearchCV, where the metric is the MAE 
used to assess each test, and the number of blocks in 
cross-validation is 5. 

The top ten results, in descending order, are shown in 
tab. 4. 

The following notations are used in tab. 4: 
mean_test_score – the average value of the test score. 

When fixing the values (loss = MSE, max_depth = 3, 
max_features = 3, min_samples_leaf = 1, 
min_samples_split = 4), the n_estimators change graphs 
were built (fig. 4). 

When fixing values (n_estimators = 100, loss = MAE, 
max_features = 3, min_samples_leaf = 1, 
min_samples_split = 4), the max_depth change graphs 
were built (fig. 5). 

When fixing values (n_estimators = 100, loss = MAE, 
max_depth = 3, max_features = 3, min_samples_leaf = 1), 
the graphs of min_samples_split changes were built  
(fig. 6). 

Best hyper-parameters: n_estimators = 100, loss = 
MAE, max_depth = 3, max_features = 3, 
min_samples_leaf = 1, min_samples_split = 4.  
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Fig. 1. The changes of n_estimators parameter 
 

Рис. 1. Изменения параметра n_estimators 
 
 

 
 

Fig. 2. The changes of max_depth parameter 
 

Рис. 2. Изменения параметра max_depth 
 
 

 
 

Fig. 3. The changes of min_samples_split parameter 
 

Рис. 3. Изменения параметра min_samples_split 



 
 
 

Информатика, вычислительная техника и управление 
 

 211

Table 4 
The best results of selection of model parameters for the width of the seam 

 

n_estimators loss max 
depth 

max 
features 

min samples leaf min samples split mean_test_score 

100 MAE 3 3 1 4 0.030108 
80 MAE 3 3 1 4 0.030112 
90 MAE 3 3 1 4 0.030166 
70 MAE 3 3 1 4 0.030391 

100 MAE 3 3 1 5 0.030459 
80 MAE 3 3 1 5 0.030475 
90 MAE 3 3 1 5 0.030509 
80 MAE 3 3 1 3 0.030615 
80 MAE 3 3 1 2 0.030615 
60 MAE 3 3 1 4 0.030649 

 
 

 
 

Fig. 4. The changes of n_estimators parameter 
 

Рис. 4. Изменения параметра n_estimators 
 
 
 

 
 

Fig. 5. The changes of max_depth parameter 
 

Рис. 5. Изменения параметра max_depth 
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Fig. 6. The changes of min_samples_split parameter 
 

Рис. 6. Изменения параметра min_samples_split 
 
 
The importance of technical parameters is distributed 

as follows: xiw – 13 %; xif – 41 %; xvw – 33 %; xfp – 13 %.  
Tab. 5 shows the results of evaluations. 
 

Table 5 
Model scores by the width of the weld 

 

Scores R2  MAE 
train_score 0.970136  0.030648 

cv_score 0.960603  0.040242 
  

Results. In this research the mathematical models 
based on gradient boosting according to  the training set 
data (dataset) were considered. 

The following best parameters of the mathematical 
model are obtained: 

1. For the seam depth: n_estimators = 100, loss = MSE, 
max_depth = 3, max_features = 2, min_samples_leaf = 1, 
min_samples_split = 7. 

2. For the seam width: n_estimators = 100, loss = MSE, 
max_depth = 3, max_features = 3, min_samples_leaf = 1, 
min_samples_split = 4. 

The scores of the finished models are shown in tab. 6. 
 

Table 6 
Model scores when testing cv_score 

 

Model R2 MAE 

Depth 0.896255 0.044262 

Width 0.960603 0.040242 

 
As can be seen from the scores of the mathematical 

model based on gradient boosting, the proposed model is 
able to solve the problem of supporting technological 
decision-making based on gradient boosting with a fairly 
low value of the average absolute error and a high value 
of the coefficient of determination. 

Conclusion. As a result of the research, the analysis 
of the applicability of the Gradient Boosting Regressor 
method as a basis for creating a mathematical model for 

optimizing and forecasting the process of electron-beam 
welding was performed. Based on the obtained model 
scores we can judge the feasibility of using the proposed 
approach to support technological decision-making in the  
technological processes control that have similar statisti-
cal dependencies. 

The obtained model allows us to support technological 
decision-making in the process of electron-beam  
welding of dissimilar materials with high accuracy. The 
use of the technique will improve the quality of the elec-
tron-beam welding process control. The results of this 
study are planned to be used in further research designed 
to support decision-making in relation to other techno-
logical processes that have similar statistical dependen-
cies. 
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NON-PARAMETRIC MULTI-STEP ALGORITHMS FOR MODELING  

AND CONTROL OF MULTI-DIMENSIONAL INERTIA-FREE SYSTEMS 
 

D. I. Yareshchenko 

 
Siberian Federal University 

26к1, Academician Kirensky St., Krasnoyarsk, 660074, Russian Federation 
E-mail: YareshenkoDI@yandex.ru 

 
The paper discusses new classes of models of multidimensional inertia-free systems with a delay in the conditions of 

a lack of a priori information. The subject is multidimensional discrete-continuous processes, the components of the 
vector of output variables of which are stochastically dependent in an unknown way. There are also processes, through 
some channels of which aprior information corresponds simultaneously to both the parametric and nonparametric type 
of source data about the studied process. The mathematical description of such processes leads to a system of implicit 
nonlinear equations, some of which will be unknown, while others will be known with accuracy to the parameter vector. 
The main purpose of a model of an object having stochastic dependencies of output variables is to find a forecast of 
output variables with known input variables. 

To find the predicted values of the output variables from known inputs, it is necessary to solve a system of implicit 
nonlinear equations. The problem is to solve a system that is actually unknown, when only equations for some channels 
of a multidimensional system are known. Thus, a rather nontrivial situation arises when solving a system of implicit 
nonlinear equations under conditions when, in one channel of a multidimensional system, the equations themselves are 
not in the usual sense, and in others they are known accurate to parameters. Therefore, an object model cannot be con-
structed using the methods of the existing identification theory because of a lack of aprior information. The purpose of 
this work is the solution of the identification problem in the presence of a partially-parameterized discrete-continuous 
process, and despite the fact that the parameterization stage cannot be overcome without additional priori information 
about the process under study. 

The control algorithm for multidimensional processes with dependencies of output variables is a sequential multi-
step algorithmic chain that allows finding the control action and bring the object to the desired state. 

Computational experiments to study the proposed models and to control multidimensional discrete-continuous proc-
esses have shown quite satisfactory results. The article presents the results of computational experiments illustrating 
the effectiveness of the proposed technology for predicting the values of output variables from known input variables, as 
well as for managing these processes. 

 
Keywords: multidimensional discrete-continuous process, identification, control, T-models, KT-models. 

 
НЕПАРАМЕТРИЧЕСКИЕ МНОГОШАГОВЫЕ АЛГОРИТМЫ МОДЕЛИРОВАНИЯ  
И УПРАВЛЕНИЯ МНОГОМЕРНЫМИ БЕЗЫНЕРЦИОННЫМИ СИСТЕМАМИ 
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Российская Федерация, 660074, г. Красноярск, ул. Академика Киренского, 26к1 
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В настоящей статье рассматриваются новые классы моделей многомерных безынерционных систем  

с запаздыванием в условиях недостатка априорной информации. Речь идет о многомерных дискретно-
непрерывных процессах, компоненты вектора выходных переменных которых стохастически зависимы зара-
нее неизвестным образом. Но также существуют процессы, по некоторым каналам которых априорная  
информация соответствует одновременно как параметрическому, так и непараметрическому типу исходных 
данных об исследуемом процессе. Математическое описание подобных процессов приводит к системе неявных 
нелинейных уравнений, одни из которых будут неизвестны, а другие известны с точностью до вектора пара-
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метров. Основное назначение модели объекта, имеющего стохастические зависимости выходных переменных, 
состоит в нахождении прогноза выходных переменных при известных входных. 

Для нахождения прогнозных значений выходных переменных по известным входным необходимо решить 
систему неявных нелинейных уравнений. И тут возникает странная ситуация, так как необходимо решить 
систему, которая на самом деле неизвестна, но могут быть лишь известны уравнения по некоторым каналам 
многомерной системы. Таким образом, возникает довольно нетривиальная ситуация решения системы неяв-
ных нелинейных уравнений в условиях, когда по одним каналам многомерной системы самих уравнений в обыч-
ном смысле нет, а по другим они известны с точностью до параметров. Поэтому модель объекта не может 
быть построена с помощью методов существующей теории идентификации в результате недостатка апри-
орной информации. Основным содержанием настоящей работы является решение задачи идентификации при 
наличии частично-параметризованного дискретно-непрерывного процесса и при том, что этап параметриза-
ции не может быть преодолен без дополнительной априорной информации об исследуемом процессе. 

Алгоритм управления многомерными процессами с зависимыми выходными переменными представляет со-
бой последовательную многошаговую алгоритмическую цепочку, позволяющую найти управляющее воздейст-
вие и привести объект в желаемое состояние. 

Вычислительные эксперименты по исследованию предлагаемых моделей и по управлению многомерными 
дискретно-непрерывными процессами показали достаточно удовлетворительные результаты. В статье  
приводятся результаты вычислительных экспериментов, иллюстрирующих эффективность предлагаемой 
технологии прогноза значений выходных переменных по известным входным, а также по управлению данными 
процессами. 

 
Ключевые слова: многомерный дискретно-непрерывный процесс, идентификация, управление, Т-модели,  

КТ-модели. 
 
Introduction. Consideration and study of multidi-

mensional inertial processes with a delay, which have a 
stochastic dependence of output variables, is a relatively 
urgent task. Since such processes are typical for many 
popular industries, such as metallurgy (steel melting), 
construction industry (cement production), energy (coal 
burning), oil refining (increasing the cold flow of diesel 
fuel) [1], as well as in active systems, such as the educa-
tional process (acquisition of knowledge by University 
students) [2]. Such processes are characterized by the lack 
of necessary aprior information. The researcher, in such 
circumstances, should model and manage such multidi-
mensional discrete-continuous processes. These processes 
are dynamic in nature, but controlled at discrete time in-
tervals, including various ones. Inertia-free systems are 
considered with known delays, for example, when the 
object's time constant is 5–10 minutes, and the control of 
the output variable is measured once every two hours. 
This leads to the dependence of output variables, for ex-
ample, in the production of cement, the main output indi-
cator – the activity of cement (compressive strength)  
depends on another output indicator – the fineness of 
grinding. 

Processes with stochastic dependence of output vari-
ables refer to T-processes [3]. The main point here is that 
the identification of such objects should be carried out in 
a way that is not traditional for the existing identification 
theory [4]. There are also cases when aprior information 
corresponds simultaneously to both nonparametric and 
parametric types of source data about the studied. Such 
processes refer to KT-processes [3]. 

The main feature of T-processes and KT-processes is 
that the mathematical description of an object is repre-
sented as some analog of a system with partially param-

eterized functions  , , 0, 1,jF u x j n    and unknown 

functions   , 0, 1,jF u x j n  .  Thus, the identification 

problem is reduced to the problem of solving a system of 
nonlinear equations of a partially parameterized discrete-
continuous process relative to the components of vector 

 1 2, ,..., nx x x x  , with known values of input variables 

 1 2, ,..., mu u u u  . Specific identification tasks will dif-

fer in different volumes of aprior information through 
various channels of the multidimensional process, and in 
their specific flow.  

Researchers have to deal with a system of different 
types of equations from the point of view of mathematics, 
the solution of which requires the development of special 
methods [5]. In this case, it is advisable to use the theory 
of nonparametric systems [6; 7]. 

Processes with the stochastic dependence of output 
variables. As noted earlier, T-processes are multidimen-
sional inertia-free processes with stochastic dependence 
of output variables. In fig. 1, we consider a multidimen-
sional system that implements the T-process. 

In fig. 1 the following notation is used:  1,..., mu u u  – 

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

n-dimensional vector of output variables,  t  – random 

interferences effecting the process. The vertical arrows on 
the output variables show their dependencies. Through 
various channels of the multidimensional process, the 
dependence of the j-th component of the vector can be 
represented as a certain dependence on certain compo-

nents of the vector u :   , 1,j j
jx f u j n     .  

Such functions are determined basing on the available 
aprior information. Such correlations are called a compos-
ite vector. A composite vector is a vector composed  
of some components of input and output variables,  
in particular, it can be any set, for example 

 5
2 5 7 8, , ,x u u u u   ,  6

3 4 7 2, , ,x u u u x    [8]. 
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Fig. 1. The multidimensional system that implements the T-process 
 

Рис. 1. Многомерная система, реализующая Т-процесс 
 
 
The mathematical description of an object is repre-

sented as a system of implicit functions of the next form 

    , 0, 1,jF u t x t j n   . The identification problem 

is reduced to the problem of solving a system of nonlinear 
equations: 

 

    , 0, 1,jF u t x t j n                        (1) 
 

relative to the vector components x , with known values 
of the input variables u . 

Note that the type of equations  jF  , 1,j n  remains 

unknown and cannot be interpreted as a model of the 
process under study. The task is to model such processes, 
i.e. T-processes. 

Partially-parameterized multidimensional proc-
esses. Partially-parameterized multidimensional KT-
processes differ from T-processes because their aprior 
information may correspond to a parametric type in some 
channels, and nonparametric in others. 

A feature of identifying a multidimensional object is 
that the process under study is described by a system of 
implicit stochastic equations of the form: 

 

      , , 0, 1,jF u t x t t j n     ,          (2) 
 

where for some channels the functions  jF 
 

are not 

known, and for other channels they are known,   – a de-
lay over various channels of a multidimensional system 
[3]. In the future, for reasons of simplicity,   will be 
omitted by shifting the values in the observation matrix 
by a value  . 

In this case, the system of equations will take the 
form: 
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F u x
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,         (3) 

 

where  ˆ
jF    are partially parameterized or unknown,   

is the parameter vector. 

Modeling of multidimensional inertia-free proc-
esses. Multidimensional KT-models combine T-models 
and K-models and represent a model in which there is a 
set of relationships between input and output variables, 
and they are known through some channels, for example, 
based on known laws of physics, and such dependencies 
are unknown through other channels. I. e., the presence of 
aprior information on various channels of a multidimen-
sional object corresponds to both parametric and non-
parametric types of source data. Therefore, we present the 
model system in the following form: 

 

 
 

 
 

1

2

1

ˆ ˆ, , 0;
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           (4) 

 

where ,s sx u
 

 – the time vectors (the data set received by 

the s-th moment of time), and ,j ju x    – the composite 
vectors. However, even in this case, some functions 

 ˆ , 1,jF j n   remain unknown. Therefore, the problem 

of constructing KT-models is considered in conditions  
of nonparametric uncertainty, i.e. in conditions when  
the system (4) is known only through some channels  
and is not known to the accuracy of parameters through 
others. 

The identification problem comes to the fact that for 
given values of the vector of input variables, it is neces-
sary to solve system (4) with connection to the vector  
of output variables. For some channels of a multidimen-
sional system, for which equations are known up to pa-
rameters, the coefficients are found, for example, by  
stochastic approximations or the least-squares method  
[9; 10]. For the other channels, where the equations with 
accuracy up to the parameter vector are unknown, the 
following two-step algorithmic chain [3] must be applied, 
which allows to find the predicted values of the vector of 
output variables from the known input ones. In the first 
step, the residuals are calculated using the following for-
mula: 

 

  , , , , 1,j j
ij j s sF u x i x u j n     

 
,           (5) 
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where   , , ,j j
s sF u x i x u     

 
accepted in the form of a 

nonparametric estimate of the regression function Nada-
raya-Watson [11]: 
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       (6) 

 

where 1, ,j n m    – the dimension of the composite 

vector ku , then this notation is used for other variables. 
Moreover, the dimension of the composite vector may be 
different for different channels. Bell-shaped functions 

 Ф   and the blur parameter 
ksuc  satisfy certain conver-

gence conditions and have the following properties [12]: 
 

 

 Ф    ; lim 0s sc  ; 

  
 

1Ф [ ] 1
ksu k k

u

c u u i du



   ;                  (7) 

    1 1lim Ф [ ] [ ]
k ks su su k k k kc c u u i u u i 

      ; 

lims ssc   .                               (8) 
 

The second step is to evaluate the conditional mathe-
matical expectation: 

 

 | , 0 , 1,j
jx M x u j n     .            (9) 

 

As a result the forecast for each component of the out-
put variable vector will be as follows: 

 

1 1 2

1 2

1 1 2

1 2

1 1 1

1 1 1

[ ] [ ]
[ ] Ф Ф

ˆ ,
[ ] [ ]

Ф Ф

1, ,

m ns
k k k

j
su si k k

j m ns
k k k

su si k k

u u i i
x i

c c
x

u u i i

c c

j n

   

  

   

  

    
    

   
    

   
   



  

 
   (10) 

 

 

where the bell-shaped functions can be taken as a triangu-
lar core (11) and (12), and satisfy the conditions presented 
above. 
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The nonparametric algorithm (6), (10) is a two-step 
algorithmic chain that allows to find the predicted values 
of the components of the output vector for known compo-
nents of input variables, in the case of stochastic depend-
ence of output variables. 

The relative standard deviation is taken as the error 
function: 
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,    (13) 

where  i
jx t

 
– observation on the object,   ˆi j

jx u t  – 

forecast values of the object's output variables, 
jxM  – the 

average value for each component of the vector. 
The problem of managing multidimensional dis-

crete-continuous processes. Consider the scheme of a 
multi-dimensional object control system (fig. 2). 

In fig. 2 the following notations are used: 
        1 2, ,..., mu t u t u t u t  – input controlled variables 

of the process; – input free, but controllable variables of 

the process;         1 2, ,..., nx t x t x t x t  – output vari-

ables of the process;    1,..., n
nx x x x R      – setting 

action,  t  – random interferences affecting the process.  

Control of T-objects is considered in conditions of 
nonparametric uncertainty, i. e. in conditions when the 
process model with accuracy up to the parameter vector is 
completely absent. 

 

 
 

Fig. 2. Diagram of a nonparametric control system of an inertia-free object 
 

Рис. 2. Схема непараметрической системы управления  
безынерционным объектом  
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In this case, the known techniques are not applicable 
and you should use other approaches to solve the prob-
lem. 

In the problem of controlling a multidimensional 
process with stochastic dependence of output variables, 
the following multi-step algorithmic chain must be used: 

we take the input variable  *
1u t  arbitrarily from the area 

 1u . Any other input variable can be taken from the 

specified area at any time. The next input variable  *
2u t  

is found in accordance with the following algorithm: 
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where ,n p     – dimension of the corresponding 

composite vectors x  and  , ,n n p p      . 

Then we find the input variable  tu*
3  as follows: 
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And then the control algorithm continues to find each 
component of the object's input, and with each subsequent 
step, the values of the input variables found in the previ-
ous step are added to the formula. The control algorithm 
for a multidimensional system: 
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In the control algorithm (16), the blurring parameters 
for input and output variables remain configurable 

kuc ,
jxc  and с


, the following formulas can be used for 

them: *
k

i
u k kс u u     , *

j

i
x j jc x x    

 
and 

* iс
        , where ,    and   some parame-

ters greater than 1, and the parameter 0 1    . Note that 

the selection of blur parameters 
kuc , 

jxc  and с
  

is per-

formed at each control cycle. In this case, if 
kuc  is defined 

first, then the definition 
jxc  and с

  
is carried out accord-

ing to this fact. The order in which the blurring parame-
ters  

kuc ,
jxc
 
and с

  
are defined is not important. 

Often in real process control tasks, the number of 
component vector u  is greater than the number of com-
ponent vector x . If the dimension of the vector u   
exceeds the dimension of the vector x , i. e. m n ,  
it is usually done as follows. To the number of component 
vector   some (non-essential) components of the vector 

u  are included, so that the dimension of the vector u  
and x  to be equal. 

Computational identification experiment. A multi-
dimensional object with input variables 

 1 2 3 4, , ,u u u u u  and output variables  1 2 3, ,x x x x  

was used for the computational experiment. A training 
sample of input and output variables was formed for the 
object under consideration, based on a system of equa-
tions consisting of two parametric and one nonparametric 
channels. As a result, a training sample was obtained 

,s su x
 

, where ,s su x
 

 are the time vectors. In case we had a 

real object, the training sample would be obtained in the 
process of measurements performed by the available con-
trols. 

After receiving a sample of observations ,s su x
 

, you 

can start the task under study – finding the predicted  
values of output variables x  based on known input  
variables u . The forecast for each component of the out-
put variable vector is made according to the formula (10). 

The configurable parameters are the blur parameters 

suс  and sc  , which in this case are equal to 0.4 and 0.3, 

respectively (the values were determined as a result  
of numerous experiments to reduce the quadratic error 
between the output of the object and the model). Sample 
volume 1000s  , uniform interference that affects the 
components of the vector of output variables 0,07  . 

Graphs for the outputs of the object 1 2,x x  and 3x  (fig. 3–5). 

In fig. 3–5 “point” denotes the output value of the ob-
ject, and “x” are values of the patterns found by the algo-
rithm (5), (9). For clarity of the results in the figures, there 
are 20 sample points. The model describes the object 
fairly well with 7 % interference affecting the components 
of output variables. 

Computational control experiment. The results of 
computational experiments for a multidimensional object 
with input variables  1 2 3 4, , ,u u u u u  and output vari-

ables  1 2 3, ,x x x x  using a multistep control algorithm 
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(13). For the object under consideration, the number of 
component vector u  is greater than the number of com-

ponent vector x . So replace    4u t t   to make the 

dimension of the vector u equal to x . The input variable 

is free but controlled    [0, 3]t   . 

We underline that the researcher is not familiar with 
the type of system of equations that describes a controlled 
multidimensional object. Measurements of input and out-
put variables are used as information about the object 
under study. 

First, we present the results of the multistep control 

algorithm (16) with a variable step setting effect  *
1x t  

(fig. 6). 

As you can see from fig. 6, the output of the object 

 1x t  is quite close to the setting effect  *
1x t . Here are 

the results of the algorithm with a soft changing setting 

effect  *
2x t  (fig. 7). 

Here are the results of the algorithm when the task 

 *
3x t  is random (fig. 8). 

Fig. 8 shows that the output of the object  3x t  is also 

quite close to the setting effect  *
3x t . None of the known 

regulators can cope with such a task when the setting ef-
fect is random [14].  

Still, this case is interesting from a theoretical point  
of view.  

 
 
 

 
 
 

Fig. 3. The predicted values of the output variable 1x  with an interference of 7 % 

 
Рис. 3. Прогнозные значения выходной переменной 1x  при помехе 7 % 

 
 
 

 
 

Fig. 4. The predicted values of the output variable 2x  with an interference of 7 % 

 
Рис. 4. Прогнозные значения выходной переменной 2x  при помехе 7 % 
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Fig. 5. The predicted values of the output variable 3x  with an interference of 7 % 

 
Рис. 5. Прогнозные значения выходной переменной 3x  при помехе 7 % 

 
 

 
 

Fig. 6. Control under the setting action  *
1x t   in the form of a step function 

 

Рис. 6. Управление при задающем воздействии  *
1x t  в виде ступенчатой функции 

 
 

 
 

Fig. 7. Control under the set action  *
2x t  in the form of a soft changing function 

 

Рис. 7. Управление при задающем воздействии  *
2x t  в виде плавно изменяющейся функции 
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Fig. 8. The dependence of the output of the object  3x t  on the setting effect  *
3x t ,  

which is of random nature 
 

Рис. 8. Зависимость выхода объекта  3x t  от задающего воздействия  *
3x t ,  

носящего случайный характер 
 
 
Conclusion. In this paper, the problem of identifica-

tion and control of multidimensional inertia-free systems 
with a delay in the conditions of a lack of aprior informa-
tion considered. We note the fact that identification  
and control problems are considered under conditions  
of nonparametric uncertainty and, as a result, can not be 
presented with accuracy to a set of parameters. Well-
configured modeling and control algorithms can be suc-
cessfully applied in real control systems, diagnostics, de-
cision-making, etc. [15]. 

These computational experiments on identification 
and control have shown satisfactory results of modeling 
multidimensional processes. At the same time, we inves-
tigated issues related to the introduction of various inter-
ference, different volumes of training samples, but also 
objects of different dimensions. 
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The reliability and resource of the radio-electronic equipment of the spacecraft is increased by ensuring optimal 

temperature conditions. Thermal control systems maintain the set temperature mode and heat removal from the on-
board equipment to the surrounding space. Finned heat exchangers are an important element of the design of thermal 
control systems, which allows intensifying the heat transfer process. The calculation of the characteristics of finned 
heat exchangers must be carried out taking into account their parameters and the physical properties of the heat trans-
fer agent. The organic liquid LZ-TK-2, which has a very low freezing point and other useful performance characteris-
tics, is considered as a heat transfer agent. The dependences of the local heat transfer coefficient of the LZ-TK-2 heat 
transfer agent on the wall temperature are calculated using criteria equations. Based on the numerical solution of the 
two-dimensional problem of thermal conductivity, the temperature fields in finned walls of various configurations are 
determined. Calculations of the heat transfer coefficient of the finned wall of the heat exchanger were made in two 
model approximations, the error of using a simplified approximation that does not take into account the temperature 
dependence of the local heat transfer coefficient was determined. 
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Надежность и ресурс радиоэлектронной аппаратуры космических аппаратов повышается при обеспечении 

оптимального температурного режима. Системы терморегулирования поддерживают заданный темпера-
турный режим и отвод теплоты от бортовой аппаратуры в окружающее пространство. Ребристые тепло-
обменники являются важным элементом конструкции систем терморегулирования, позволяющим интенсифи-
цировать процесс теплопередачи. Расчет характеристик ребристых теплообменников необходимо проводить 
с учетом их параметров и физических свойств теплоносителя. В качестве теплоносителя рассмотрена орга-
ническая жидкость ЛЗ-ТК-2, имеющая очень низкую температуру замерзания и другие полезные эксплуатаци-
онные характеристики. В работе с помощью критериальных уравнений рассчитаны зависимости локального 
коэффициента теплоотдачи теплоносителя ЛЗ-ТК-2 от температуры стенки. На основе численного решения 
двумерной задачи теплопроводности определены температурные поля в оребренных стенках различной  
конфигурации. Проведены расчеты коэффициента теплопередачи оребренной стенки теплообменника в двух 
модельных приближениях, определена погрешность применения упрощенного приближения, не учитывающего 
температурную зависимость локального коэффициента теплоотдачи. 

 
Ключевые слова: система терморегулирования, коэффициент теплоотдачи, оребренная стенка, теплооб-

менник, теплоноситель ЛЗ-ТК-2. 
 
Introduction. The thermal control system (TCS) of a 

spacecraft performs the most important function for en-
suring optimal temperature conditions for all units and 

subsystems in real operating conditions [1–5]. In TCS 
finned surfaces that are in contact with a liquid or gaseous 
heat transfer agent are widely used to intensify heat trans-
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fer and reduce dimensions in heat exchangers. The char-
acteristics of the TCS depend on the parameters of the 
finned surfaces and the thermophysical properties of the 
heat transfer agent; therefore, the development of the TCS 
requires solving a number of problems, such as determin-
ing the local heat transfer coefficient on the contact sur-
face of the wall and the heat transfer agent, calculating the 
heat transfer characteristics of the finned wall and opti-
mizing its parameters. 

The heat transfer characteristics are calculated by the 
temperature field in the volume of the finned wall ob-
tained from the solution of the heat conduction problem. 
As a rule, when solving the heat conduction problem 
various simplifying assumptions are made: temperature 
gradients over the thickness of the fin are neglected (ap-
proximation of a thin fin), a uniform temperature distribu-
tion is taken at the base of the finned wall, a constant 
value of the heat transfer coefficient over the finned sur-
face is set, etc. [6]. So that such simplifying assumptions 
do not lead to significant calculation errors, it is necessary 
to verify the validity of their application for each task. 

The characteristics of the heat transfer process of the 
finned wall and a heat transfer agent depend, on the one 
hand, on the heat transfer coefficient of the heat transfer 
agent on the surface of the heat exchanger, and on the 
other hand, on the conditions of heat transfer in the wall 
volume by the heat conduction mechanism. In this paper, 
we present the results of calculations of the wall heat 
transfer characteristics based on determining the depend-
ence of the heat transfer coefficient LZ-TK-2 on the tem-
perature of a finned surface and modeling the heat trans-
fer process in a finned heat exchanger by numerically 
solving the two-dimensional heat equation without using 
the simplifying assumptions mentioned above. 

Heat transfer coefficient of the heat transfer agent 
LZ-TK-2. According to the requirements of the TCS op-
eration, the heat transfer agent must have a freezing point 
not higher than –80 °C, corrosion inertness to the TCS 
materials, fireproof, and have a number of other specific 
properties [7; 8]. As a working substance for the circuit, 
we consider the heat transfer agent LZ-TK-2, the basis  
of which is isooctane, which has a freezing temperature  
of –107 °C and includes anti-wear additives to reduce 
bearing wear of electric pump units. Description and tem-
perature dependences of the physical properties of the 
heat transfer agent LZ-TK-2 are given in [8]. 

The calculation of the heat transfer coefficient was 
carried out taking into account the mode of motion and 
physical properties of the heat transfer agent, the geomet-
ric parameters of the finned surface. Depending on the 
Reynolds number Re = uD/ν, there are stable laminar  
(Re < 2·103), transitional (2·103 < Re < 104), and devel-
oped turbulent (Re > 104) modes, here u – is the coolant 
velocity, ν – is coefficient of kinematic viscosity. For a 
rectangular channel having a height a and a width b, the 
equivalent hydraulic diameter D = 2ab/(a+b) is usually 
used as a characteristic dimension. The value of the local 
heat transfer coefficient α at the “heat transfer agent-
finned surface” interface was determined using criteria 
equations based on the results of experimental studies and 
similarity theory [9]. For the developed turbulent regime, 

an equation is used that determines the value of Nusselt 
number 

 

0.8 0.43 0.25
h h sNu 0.021Re Pr (Pr / Pr )  . 

 

Prandtl number Pr = νсρ/λ is determined by the values 
of the kinematic viscosity coefficient ν,  the heat capacity 
с, the density ρ and the thermal conductivity coefficient λ, 
corresponding to the average temperature of the heat 
transfer agent (Prh) and the wall surface temperature (Prs). 
If the channel length is more than 50D, the coefficient 
value is ε = 1. The value of the local heat transfer coeffi-
cient LZ-TK-2 is calculated from the value of Nusselt 
number using the formula 

 

Nu

D


  . 

 

Calculations were performed for a = 2.5 mm,  
b = 1.3 mm and the coolant velocity u = 2.9 м/с, the value 
Re = 1.1·104 was obtained with a characteristic value  
V = ν = 0.45 mm2/s. The obtained dependences of the 
heat transfer coefficient α on the temperature of the wall 
surface Ts are shown in fig. 1 for the heat transfer agent 
temperature values of 20, 40 and 60 °C. The figure shows 
that the value of α increases with an increase in both the 
wall surface temperature and the temperature of the heat 
transfer agent. The dependences α(Ts) are the initial data 
for calculating the temperature field of the finned wall. 

Calculation of the temperature field in the finned 
wall. The task of thermal calculation is to determine the 
temperature field and heat transfer coefficient, which re-
flects the ratio of the transmitted heat power to the tem-
perature difference between the heat carrier and the wall. 
We consider the process of heat transfer of a heat transfer 
agent LZ-TK-2 with a finned wall, the cross section of 
which is shown in fig. 2. 

The calculation of the temperature field in the wall of 
the heat exchanger was carried out on the basis of solving 
the non-stationary problem of thermal conductivity. In the 
case of a thick fin in which the temperature gradients are 
comparable in width and height, a two-dimensional ther-
mal conductivity equation of the form is numerically 
solved 

 

2 2

2 2

T T T
c

t x y

   
        

.                          (1) 

 

The calculation area of the problem, which is half of a 
periodically repeated fragment of the finned wall, is high-
lighted in fig. 2 with a dashed outline. On the internal 
boundaries of the wall the symmetry conditions for the 
heat flow ∂T/∂x = 0 are set, and on the contact surfaces 
with the heat transfer agent (including the end surface of 
the fin), the boundary conditions of the third kind are set 

 

0,
0,

l L
l L

T
T q

l 


      
,                    (2) 

 

here T – is the temperature, x, y – are the spatial coordi-
nates, l = x, y and L – are the size corresponding to these 
coordinates, q – is the heat flux density. It was assumed 
that the temperature of the heat transfer agent in contact 
with the finned surface has a constant value.  
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Fig. 1. Dependence of the local heat transfer coefficient LZ-TK-2  
on the wall temperature 

 
Рис. 1. Зависимости локального коэффициента теплоотдачи ЛЗ-ТК-2  

от температуры стенки 
 
 
 

 
 

Fig. 1. Diagram of the finned wall and the boundary  
of the calculation area 

 
Рис. 2. Схема оребренной стенки и границы расчетной области 

 
 
To solve equations (1) and (2), we used the method of 

total approximation with splitting the problem by spatial 
coordinates [10–15]. The temperature field in the volume 
of the wall ΔT(x, y) and with distribution α(Ts) has a mu-
tual influence on each other, since α(Ts) determines the 
amount of heat flow at the border of the finned surface 
with the heat transfer agent. Coordination of these distri-
butions occurs in the process of obtaining a steady solu-
tion to a non-stationary problem. 

The wall material was considered to be steel 
12X18N10T, which has a thermal conductivity coefficient 
λ =19 Вт/(м·К). The temperature of the heat transfer 
agent in contact with the upper finned surface was set 
constant and equal to 50 °C, on the lower surface of the 

base its value was 60 °C. The value of the local heat 
transfer coefficient α was determined in accordance with 
the values of temperatures on the surface of the wall and 
the heat transfer agent. Fig. 3 shows the temperature field 
for the following geometric parameters of the finned 
walls: fin thickness 1.5 mm, fin height 2.5 mm,  
wall thickness 1.6 mm, the distance between the fins  
b = 1.3 мм. The calculation was performed for half of a 
periodically repeated fragment of the finned wall, so the 
size of the base in the x direction is 1.4 mm in the figure. 
The temperature values for the corresponding isolines are 
given in degrees Celsius. At the base of the wall, the tem-
perature gradient is observed in the y direction, and there 
are practically no temperature gradients in the x direction. 
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The fin has a temperature gradient in both directions. In 
this case, the temperature distributions of the lower sur-
faces of the base and fin are close to uniform, so it is le-
gitimate to use simplified calculation models that assume 
uniformity of temperature. 

A change in geometric parameters affects the nature of 
the temperature field. Fig. 4 shows the calculation results 
with decreasing thickness of the fin (0.7 mm) and the wall 
(0.5 mm), while the height of the fin and the width of the 
base did not change.  

 
 

 
 

Fig. 3. Temperature field of the finned wall with  
the thickness of the fin 1.5 mm and the wall 1.6 mm  

 
Рис. 3. Температурное поле оребренной стенки 
при толщинах ребра 1,5 мм и стенки 1,6 мм 

 
 
 

 
 

Fig. 4. Temperature field of the finned wall with the thickness  
of the fin 0.7 mm and the wall 0.5 mm  

 
Рис. 4. Температурное поле оребренной стенки  
при толщинах ребра 0,7 мм и стенки 0,5 мм  
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At the base of the wall, the temperature field is sub-
stantially inhomogeneous already in both directions; in a 
thinner fin, an increase in the temperature difference in 
height is accompanied by a decrease in the transverse 
direction. 

The heat transfer coefficient of the finned wall. The 
heat transfer coefficient k is an important integral charac-
teristic of the heat transfer process of a finned wall with a 
heat transfer agent. Of greatest interest are the heat trans-
fer characteristics in the volume of the wall and on the 
upper finned surface, therefore, we define the value of k 
as the ratio of the transmitted heat power to the tempera-
ture difference of the heat transfer agent Th and the lower 
smooth surface of the wall, as well as to the area of this 
surface. The total heat flux transferred by the wall to the 
heat transfer agent was calculated on the basis of solving 
the heat conduction problem from the temperature distri-
butions of the upper finned surface Ts and the local heat 
transfer coefficient α using the formula α(Ts – Th). The 
heat flux was calculated in two model approximations. In 
the first case, the local heat transfer coefficient was de-
termined taking into account its dependences on Ts and 
Th, which are shown in Fig. 1, in the second, the value of 
α had a constant value corresponding to the surface tem-
perature, i.e. the value α was set at Ts = Th. Comparison of 
the calculation results allows us to estimate the error in 
applying the simplified mathematical model, which does 
not take into account the heterogeneity of the distribution 
of the heat transfer coefficient α over the finned surface. 

When solving the problem of heat conduction on the 
lower surface of the wall base, an ideal heat supply was 
assumed, therefore, here the temperature was set with a 

uniform distribution and a value of T0. In the calculations, 
the value of T0 varied in the range of 30–70 °С; the tem-
perature of the heat transfer agent in contact with the  
upper finned surface was fixed and equal to Th = 20 °С. 
Fig. 5 shows the dependences k(T0) obtained using both 
considered model approximations. Lines 1 correspond to 
the wall configuration shown in fig. 3, lines 2 refer to the 
wall shown in Fig. 4. The horizontal lines were obtained 
as a result of calculations with a fixed local heat transfer 
coefficient α, which leads to the constancy of the values 
of k. Growing graphs were obtained in the calculations 
taking into account the temperature dependence α(Ts, Th). 

From the calculations of two model approximations, 
the dependences k(T0) were obtained, the difference be-
tween which increases with the growth of T0 (fig. 5). The 
relative magnitude of this difference is shown in fig. 6. 
The largest discrepancy is expected to correspond to con-
figuration 2, since higher temperature differences are set 
in the fin of smaller thickness, which ultimately leads to 
greater heterogeneity of the local heat transfer coefficient 
α over the finned surface.  

In general, for the considered wall configurations, the 
maximum deviation, which is the error of the simplified 
model, does not exceed 5 %. Such an error value for 
many practical calculations is quite acceptable and the  
use of a simplified model for the considered configura-
tions of the finned walls is justified. However, for other 
wall parameters and heat transfer agent properties, the 
discrepancy may be higher, therefore, in each case, the 
admissibility of the use of a simplified model requires 
justification and confirmation by evaluating the calcula-
tion error. 

 

 
 

Fig. 5. Dependence of the heat transfer coefficient  
on the wall base temperature 

 
Рис. 5. Зависимости коэффициента теплопередачи  

от температуры основания стенки 
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Fig. 6. Relative error in calculating the heat transfer coefficient  
in a simplified approximation 

 
Рис. 6. Относительная погрешность расчета коэффициента теплопередачи  

в упрощенном приближении 
 
 
Conclusion. Thus, the paper analyzes the heat transfer 

process in the finned wall of the heat exchanger. Based on 
the criteria relations, the temperature dependences of the 
local heat transfer coefficient α on a finned surface are 
obtained. The temperature field was calculated for two 
configurations of the finned wall, and the influence of the 
geometric parameters of the wall on the heterogeneity of 
the temperature distribution was estimated. The tempera-
ture dependences of the heat transfer coefficient are ob-
tained using two model approximations that differ in tak-
ing into account α, the relative error of the simplified ap-
proximation is determined, which does not take into ac-
count the temperature dependence of the local heat trans-
fer coefficient. 
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DESIGN OF A MULTIFUNCTIONAL ELECTRIC PROPULSION SUBSYSTEM OF THE SPACECRAFT 
 

Yu. M. Ermoshkin1*, Yu. V. Kochev1, D. V. Volkov1, E. N. Yakimov1, A. A. Ostapushchenko2 
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52, Lenin Str., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation 

2JSC “Scientific & Industrial Сentre “Polyus” 
56v, Kirov Av., Tomsk, 634050, Russian Federation 

*E-mail: erm@iss-reshetnev.ru 
 
A common way to form an electric propulsion subsystem of the spacecraft is to create specialized equipment or to 

select the most suitable one from the ready-made ones. However, there are cases when the use of existing equipment is 
not optimal enough and leads to an unjustified increase of the subsystem mass. Therefore, the question of creating a 
minimum equipment set possibility from which it would be possible to form propulsion subsystems in optimal way is of 
interest. The set of tasks, variants of use and possible schemes of placing orbital correcting propulsion on the space-
craft are presented. The list of necessary propulsion subsystem elements is presented as follows: a thruster block, a 
tank, a xenon feed unit, a power processing unit consisting of a power unit and switching units, the complete set of ca-
bles and pipelines, the software and mechanical devices for control of the thrust vector (as an option). The necessary 
capacity of propellant tanks for the tasks of correction and raising of the satellite to GEO with a high-pulse Hall 
thruster is defined: for orbit correction tasks – up to100 kg, for orbit correction and raising to GEO tasks – up to200 
kg. Necessary angle rates of mechanical devices for control of the thrust vector are defined taking into account possible 
schemes of placing thrusters on the spacecraft. It is shown that in cases when it is required to apply two or more thrust-
ers to increase overall thrust, it is more preferable in the weight aspect to apply a combination of power and switching 
units instead of monoblock type of power processing units, and advantage can reach tens of kilograms. Provided the 
listed set of functional units is created, the offered concept will make it easy to form propulsion subsystems of the 
spacecraft for solving a wide range of tasks. It will reduce the time and money spent on creation of propulsion subsys-
tem for new spacecrafts. 

 
Keywords: thruster, spacecraft, power processing unit, tank, propellant feed unit, orbit correction. 
 
ПОСТРОЕНИЕ МНОГОФУНКЦИОНАЛЬНОЙ ЭЛЕКТРОРЕАКТИВНОЙ ДВИГАТЕЛЬНОЙ  

ПОДСИСТЕМЫ КОСМИЧЕСКОГО АППАРАТА 
 

Ю. М. Ермошкин1*, Ю. В. Кочев1, Д. В. Волков1, Е. Н. Якимов1, А. А. Остапущенко2 
 

1АО «Информационные спутниковые системы» имени академика М. Ф. Решетнева» 
Российская Федерация, 662972, г. Железногорск Красноярского края, ул. Ленина, 52 

2АО «Научно-производственный центр «Полюс» 
Российская Федерация, 634050, г. Томск, просп. Кирова, 56в 

*E-mail: erm@iss-reshetnev.ru 
 
Распространенным способом формирования электрореактивной двигательной подсистемы космического 

аппарата является создание специализированного оборудования или подбор наиболее подходящего из уже  
готового. Однако нередки случаи, когда применение имеющегося оборудования недостаточно оптимально  
и приводит к неоправданному увеличению массы подсистемы. Поэтому представляет интерес вопрос о воз-
можности создания некоторого минимального набора оборудования, из которого можно было бы оптималь-
ным образом формировать двигательные подсистемы. Представлен набор задач, варианты использования  
и возможные схемы размещения двигателей коррекции орбиты на космическом аппарате. Перечень необходи-
мых элементов электрореактивной двигательной подсистемы представлен следующим образом: блок коррек-
ции, бак, блок подачи рабочего тела, система преобразования и управления, состоящая из отдельно выполнен-
ного силового блока и коммутационных блоков, комплект кабелей и трубопроводов, программное обеспечение  
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и приводные механизмы для управления вектором тяги двигателей (как опция). Определена необходимая вме-
стимость баков рабочего тела для задачи коррекции и довыведения спутника на геостационарную орбиту при 
использовании высокоимпульсного холловского двигателя: до 100 кг для задач коррекции орбиты, до 200 кг для 
задач довыведения и коррекции. С учетом схемы размещения двигателей на корпусе космического аппарата 
определены требуемые углы прокачки для механизмов управления вектором тяги двигателей. Показано, что  
в случаях, когда для увеличения суммарной тяги требуется применять два и более двигателя, в весовом отно-
шении выгоднее применять вместо моноблочных систем преобразования и управления комбинацию из силовых 
и коммутационных блоков, причем преимущество может достигать десятков килограммов. При условии созда-
ния перечисленного набора функциональных блоков предложенная концепция позволит легко формировать дви-
гательные подсистемы космических аппаратов для решения достаточно широкого круга задач. Это позволит 
снизить затраты времени и средств на создание двигательных подсистем для новых космических аппаратов. 

 
Ключевые слова: двигатель, космический аппарат, система преобразования и управления, бак, блок подачи 

рабочего тела, коррекция орбиты. 
 
Inroduction. A considerable part of automatic space-

craft (SC) contains propulsion subsystems that perform 
the tasks of correcting the orbit and controlling the angu-
lar position of the spacecraft. These subsystems can be 
built on the basis of chemical fuel thrusters or on the basis 
of electric propulsion (EP). Of the many types of EP, the 
most widespread are ion and plasma thrusters [1]. They 
are mainly used for tasks requiring high total pulse costs 
(from 3000 kNs and more). Their advantage over thrust-
ers using chemical fuels lies in significantly greater pro-
pellant savings. However, to use EP it is necessary to ap-
ply special on-board electronic devices (in the domestic 
literature – conversion and control systems (SPU), in the 
foreign literature – Power Processing Unit (PPU)), which 
convert the on-board supply voltage to the voltage neces-
sary for the thruster to work. 

The choice of thruster size and the construction of the 
propulsion subsystem including the PPU architecture, 
depends on the size and type of the spacecraft and the 
amount of tasks assigned to the propulsion subsystem. 
This volume, characterized by the magnitude of the total 
momentum and thrust, can vary by several times. Accord-
ingly, the concept of the propulsion subsystem that solves 
these problems should be significantly different. Obvi-
ously, the best solution in terms of minimum total mass is 
to build a propulsion subsystem based on specially de-
signed blocks for each individual task. However, the crea-
tion of new blocks of the subsystem (thrusters, tanks, 
PPU) is associated with significant cost and time. There-
fore, in practice, a different approach is often used - the 
formation of the propulsion subsystem based on a ready-
made one, that is experimentally tested or flight-qualified 
units. This raises the question of what should be the set 
and concept of these blocks, from which it would be pos-
sible to build the propulsion subsystems of different SC, 
easily adapting to various tasks. This article is devoted to 
consideration of this issue. The concept of building a mul-
tifunctional electric propulsion subsystem based on a lim-
ited number of types of constituent elements is presented. 

The list of tasks for the multifunctional electric 
propulsion subsystem. The following tasks for the multi-
functional propulsion subsystem used on automatic SC 
can be formulated: 

1) correction of the orbit of the geostationary SC; 
2) raising a spacecraft to GSO and correcting its orbit; 
3) raising a spacecraft to GSO and correcting its orbit 

with the simultaneous creation of control moments; 

4) correction of the spacecraft orbit in the HEO 
(highly elliptical orbit); 

5) finding main stage solutions for placing the interor-
bital transfer of payloads or the scientific spacecraft to the 
bodies of the solar system, service unmanned spacecraft 
flight support (servicing the spacecraft in the GSO, tow-
ing spent satellites into disposal orbit, etc.); 

The composition of the multifunctional propulsion 
subsystem and the architecture of power processing units 
can be different depending on the tasks to be solved and 
the selected configuration of thrusters. These differences 
are a consequence of optimization of the propulsion sub-
system in terms of mass characteristics. 

The composition of the electric propulsion subsys-
tem. According to the tasks, the full composition of the 
electric propulsion subsystem can be determined in the 
following way. 

1) A propulsion unit or a correction unit, consisting, as 
a rule, of a gas distribution unit (BGR) and a thruster it-
self, containing an anode block and two cathodes. Note 
that the domestic school traditionally prefers the use of 
two cathodes in order to reserve this rather complex and 
loaded element, but in foreign practice, cathode reserva-
tion has not been used recently, based on operating ex-
perience and calculated cathode reliability indicators. 

The number of propulsion units in the system can be 
different depending on the tasks being solved – from 1 to 8. 

Both an ion and a plasma thruster can be used as an 
thruster for a multifunctional electric propulsion subsys-
tem. In this article, we consider the use of a high-pulse 
plasma thruster, for example, from a number of thrusters 
developed at the Keldysh Center [2] or at the Fakel De-
sign Bureau [3]. This type of thruster has a number of 
advantages over an ionic one: smaller mass and dimen-
sions, relative cheapness with comparable efficient per-
formance. 

2) Power Processing Unit (PPU). It is necessary to 
power one, two, three or four thruster units as selected 
from a specific set. Various possible approaches will be 
discussed below. The importance of the search for opti-
mal solutions for the construction of the PPU is due to the 
following factors specific to this device: 

– significant mass; 
– a large number of electronic elements, high com-

plexity of the device as a whole; 
– the high cost of flight samples; 
– significant cost and time when developing new de-

signs. 
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3) The propellant tank (xenon storage unit). The mass 
of the propellant tank is important due to large refueling. 
When designing a subsystem, various approaches are pos-
sible: an individual tank for each required refueling or a 
set of standard tanks of relatively small dimension or one 
large tank that allows various refuels. Obviously, the cho-
sen concept should provide the minimum mass of the tank 
design or set of tanks for each typical task or groups of 
tasks with similar requirements. 

4) Xenon feed unit. This device is necessary to lower 
the inlet (tank) pressure to the pressure required by the 
operating conditions of the thruster. The range of gas flow 
rates provided by such a device can be very large – from 
milligrams (for powering the plasma thruster) to grams 
per second (for powering gas-jet nozzles, if a gas-reactive 
system is used instead of a separate mono-fuel attitude 
propulsion subsystem). 

5) A set of pipelines and cables connecting gas and 
electricity sources with recipients. 

6) On-board software (OBSW) for controlling the 
subsystem blocks. 

7) Mechanical drives for controlling the thrust vector 
of thrusters (as an additional option). If such devices are 
available, it is necessary to provide an auxiliary gas-
reactive system to create control moments in the initial 
modes and modes of ensuring the survivability of the 
spacecraft. 

The number of thrusters can be different depending on 
the tasks to be solved. This issue should be considered in 
more detail, since the thrusters and their number are  
determining factors in specifying the appearance of the 
propulsion subsystem. So, for task 1 (correction of the 
geostationary spacecraft orbit) with rigid fixing of the 
thrusters, the number of thrusters can vary from 4 to 8  
(for example, 4, 6, 8). There are examples of spacecraft 
with 8 thrusters (4 for longitude correction, 4 for inclina-
tion correction, fig. 1) with cold reserve, that is, 4 thrust-
ers are the main, 4 are the reserve. There are examples of 
applying the scheme with a reduced number of thrusters: 
6 (2 for longitude correction, 4 for inclination correction, 
fig. 2) or 4 universal thrusters used both for longitude 
correction and inclination correction with functional re-
dundancy (fig. 3). 

Correcting the orbit of a geostationary spacecraft with 
a mass of 3–4 tons, thrust up to 80–100 mN is sufficient, 
which can be provided by one thruster [4]. Therefore, to 
solve the above problems, one redundant power supply 
and control device with the ability to power one thruster 
out of 8 or one of 4 is enough. A variant with 6 thrusters 
can be provided with some redundancy by a PPU with 
powering one thruster out of 8. 

For task 2 (raising a spacecraft to GSO and correcting 
its orbit), it is necessary to provide increased thrust at the 
raising stage to reduce the time of raising. For this pur-
pose special thrusters of increased thrust and power (for 
example, type SPD-140) can be used. However, from a 
structural and operational point of view, it is more con-
venient to use thrusters of the same type on board, and to 
increase thrust at the raising stage make thrusters run to-
gether or in a large number, if the available power of the 
power supply system (PSS) of the spacecraft allows. 

 
 

Fig. 1. Eight orbit correction thrusters  
placing in ±Y, ±Z directions (4 main, 4 reserve) 

 
Рис. 1. Размещение 8 двигателей коррекции  
для коррекции орбиты в направлениях ±Y, ±Z  

(4 основных, 4 резервных) 
 

 
 

 
 

Fig. 2. Six orbit correction thrusters  
placing in ±Y, ±Z directions 

 
Рис. 2. Размещение 6 двигателей коррекции  
для коррекции орбиты в направлениях ±Y, ±Z 

 
 
 

 
 

Fig. 3. Four orbit correction thrusters placing in ±Y, ±Z  
directions. Functional reserve 

 
Рис. 3. Размещение 4 двигателей коррекции  

для коррекции орбиты в направлениях ±Y, ±Z.  
Резервирование – функциональное  
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Fig. 4. Four orbit correction thrusters placing  
and two orbit raising thrusters (R) placing 

 
Рис. 4. Размещение четырех двигателей  

коррекции для коррекции орбиты  
и двух двигателей для довыведения 

 

 

Fig. 5. Four orbit correction thrusters placing  
and four orbit raising thrusters (R) placing 

 
Рис. 5. Размещение четырех двигателей  

коррекции для коррекции орбиты  
и четырех двигателей для довыведения 

 
 
When there is a rigid fixing on the body of the space-

craft, it is advisable to use at least 2 separate thrusters at 
the same time; that is, the usual scheme of 4 or 6 correc-
tion thrusters should be supplemented with two more ex-
tension thrusters (fig. 4). It is advisable to place them 
along the + X axis, directing a jet stream into an area free 
of spacecraft structural elements. For the thrust impulse to 
be produced by these thrusters in the ± Y direction, that 
is, along the velocity vector, the satellite must be turned 
around the Z axis by 90°. It is also necessary to provide 
the ability to power 2 thrusters at the same time from a 
choice of 6 or 8. It should be noted that at the raising 
stage due to its limited time (no more than six months 
with a service life of 15 years or more), it is possible to do 
without reservation of power converters in the PPU, and 
use 2 thrusters. 

If the thrust of 2 thrusters at the raising stage is not 
enough, then one or two thrusters can be additionally used 
(within the available power of the PSS), (fig. 5). It means 
that facilities should be provided to power them. 

When installing thrusters on drives similar to Euro-
pean ones developed for the EUROSTAR 3000 spacecraft 
[5] for example, there is a possibility in principle to obtain 
the thrust of two thrusters at the same time in the same 
direction in addition to creating control moments along at 
least two axes (see. fig. 3). In this case, it is necessary to 
power two thrusters out of 4. 

Construction of a power processing unit of thrust-
ers. An important issue is the formation of the construc-
tion concept of the PPU to provide power to the thrusters. 
The traditional approach is to create a specialized device 
for the most common applications of thrusters, that is, to 
ensure the operation of one thruster from as selected 2, 4 
or 8 [6; 7]. 

However, to solve the whole spectrum of problems, 
especially where simultaneous operation of two or more 
thrusters is required, the use of such control systems is not 
rational enough, since it requires the use of two or more 

control systems, or the development of special modifica-
tions of the device for simultaneously powering several 
thrusters, which is irrational, as it leads either to addi-
tional mass costs, or requires a new development with the 
corresponding costs of time and money. It is possible to 
propose another approach, which will minimize both the 
mass costs for solving various problems, and the costs of 
developing PPU. According to this concept, it is neces-
sary to separate the tasks, that is, to create an unreserved 
power block that allows directly (without switching) 
powering one thruster and two switching blocks - to 
power one of two thrusters (we will designate it conven-
tionally SU-2) and one thruster of four (SU-4). It is shown 
below, in tab. 1 and fig. 6–14 that a combination of these 
three blocks can provide, with the necessary level of re-
dundancy, the supply of one, two, three, four thrusters 
from a certain set. Possible options for powering the PU 
using power and switching units are presented graphically 
in fig. 6–14. 

Evaluations based on the current level of commutation 
technology excellence show that when solving tasks in-
volving only one thruster during the entire mission (pow-
ering one of four, six, or eight thrusters), the option of 
using monoblock PPUs is more preferable. However, if it 
is necessary to power two or more thrusters, the use of the 
above mentioned combination of power and switching 
units can achieve significant mass savings while main-
taining the required level of redundancy. Moreover, the 
advantage can reach tens of kilograms, which is a very 
significant amount, which may justify the costs of the 
development of power and switching units. 

For the case when simultaneous operation of two 
thrusters at the same time for a limited period of time is 
required (for example, when raising a spacecraft to GSO), 
the cold reserve in the power unit can be abandoned, and 
then only two power units are used, in this case the weight 
advantage of the options based on combinations of power 
and switching units is increasing even more.  
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Table 1 
Options for constructing a thruster power circuit 

 

Number of units 
Monoblock PPU  

version 
Version based on a power unit 

and switching units  

Task Number 
of 

thrust-
ers 

Powering op-
tion 

PPU for 
powering 
1 out of 4 
thrusters 

PPU for 
powering 1 

out of 8 
thrusters 

Power 
unit 

SU-2 SU-4 

ΔM [kg]*** 

Geostationary and highly elliptical SC 
1. Correction of GSO 8 1 out of 8 – 1 2 – 2* Minus 13 
2. Correction of GSO 6 1 out of 6 – 1 2 1* 1* Minus 8 
3. Correction of GSO 4 1 out of 4 1 – 2 – 1 Minus 8 
4. Correction of HEO 4 2 out of 4 con-

stant 
2 – 3** – 1* 11 

5. Correction of HEO 6 2 out of 6 con-
stant 

– 2 3** 1* 1* 18.5 

6. Final ascent and cor-
rection of GSO 

4 2 out of 4 tem-
porary, 1 out of 

4 constant 

2 – 2 – 1 25.5 

7. Final ascent and cor-
rection of GSO 

6 2 out of 6 tem-
porary, 

1 out of 6 con-
stant 

0 2 2 1* 1* 33 

8. Final ascent and cor-
rection of GSO 

8 2 out of 8 tem-
porarily, 

1 out of 8 con-
stant 

0 2 2 – 2* 28 

9. Accelerated final 
ascent and correction of 
GSO 

8 4 out of 8 tem-
porary, 

1 out of 4 con-
stant 

4 – 4 1* 1* 56 

Sustainer task 
3** 1 – 16 10. Long continuous 

operation (acceleration, 
braking) 

2 2 out of 2 2 – 
2 – – 38 

4** – 1 30 11. Long continuous 
operation (acceleration, 
braking) 

3 3 out of 3 3 – 
3 – – 57 

5** – 1 49 12. Long continuous 
operation (acceleration, 
braking) 

4 4 out of 4 4 – 
4 – – 76 

_________________ 
* if using splitter cables; 
** one power unit in cold reserve; 
*** the difference in the total mass of the monoblock PPU version and the variant based on the power unit and switching units. 
 
 
Thus, the concept of dividing the PPU into power and 

switching units is more flexible and allows solving vari-
ous problems that require the operation of several thrust-
ers in a more optimal way compared to the option of 
monoblock PPU. There are also options with direct power 
supply of thrusters without switching blocks. In this case, 
each thruster has its own power unit. The number of such 
sets of thruster-PPU can be from one to four in a reason-
able range of available power of the PSS. Another impor-
tant advantage of the concept of constructing a conversion 
and control system on the basis of individual blocks is the 
absence of the need to develop new variants of mon-
oblock PPU for each new task, which makes it possible to 
significantly reduce the time and money spent on creating 
a propulsion subsystem. 

Estimation of required tank capacity. For the typi-
cal task of raising and correcting the orbit of a geostation-

ary spacecraft with a mass of 3000 kg for a service life of 
15 years, about 4100 kNs (≈420 t·s) of the total pulse is 
required. It is advisable to choose a thruster with a power 
of about 2 kW with a specific impulse of up to 2700 s as a 
thruster for a promising propulsion subsystem. With this 
specific impulse, 156 kg of xenon will be required to pro-
duce this total impulse. 

Taking into account 10 % of the reserve for leaks, 
non-produced balance and guarantee stock, refueling 
should be 170 kg.  

Taking into account an additional 10–15 kg to ensure 
the operation of the pneumatic system on cold gas, which 
is necessary for passing the initial orientation modes and 
survivability modes in the version of the system with 
drives, the total stock will be up to 187 kg. Thus, a tank 
capacity of 200 kg of xenon is sufficient to ensure the 
listed tasks.  

 



 
 
 

Сибирский журнал науки и технологий.  Том 21,  № 2 
 

 238

T1 T2 T3 T4 T5 T6 T7 T8

TSU-4 TSU-4

PPU PPU

 
 

Fig. 6. The powering of one out of eight thrusters or temporary powering 
of two out of eight thrusters and constant powering of one out of eight thrusters 

 
Рис. 6. Запитка одного двигателя из восьми или двух из восьми временно  

и одного из восьми постоянно 
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Fig. 7. The powering of one out of six thrusters or temporary powering 
of two out of six thrusters and constant powering of one out of six thrusters 

 
Рис. 7. Запитка одного двигателя из шести или двух из шести временно  

и одного из шести постоянно 
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Fig. 8. The powering of one out of four thruster or temporary powering 
of two out of four thrusters and constant powering of one out of four thrusters 

 
Рис. 8. Запитка одного двигателя из четырех или двух из четырех временно 

 и одного из четырех постоянно 
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Fig. 9. Constant powering of two out of four thrusters 
 

Рис. 9. Запитка двух из четырех двигателей постоянно 
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Fig. 10. Constant powering of two out of six thrusters 
 

Рис. 10. Запитка двух из шести двигателей постоянно 
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Fig. 11. Temporary powering of four out of eight thrusters and constant powering  
of one out of four thrusters 

 
Рис. 11. Запитка четырех из восьми двигателей временно 

и одного из четырех постоянно 
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Fig. 12. Constant powering of two out of two thrusters with PPU reservation 

 
Рис. 12. Запитка двух из двух двигателей постоянно с резервированием  

по силовому блоку 
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Fig. 13. Constant powering of three out of three thrusters with PPU reservation 
 

Рис. 13. Запитка трех из трех двигателей постоянно с резервированием  
по силовому блоку 
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Fig. 14. Constant powering of four out of four thrusters with PPU reservation 
 

Рис. 14. Запитка четырех из четырех двигателей постоянно  
с резервированием по силовому блоку 
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Table 2 
The quantitative composition of the constituent elements of the propulsion subsystem  

for the solution of various tasks 
 

Unit 
Possible number in the propulsion 

subsystem 
PU (thruster) up to 8 
PPU (power unit) up to 5 
SU-2 (switching unit with output to 2 thrusters) up to 2 
SU-4 (switching unit with output to 4 thrusters) up to 2 
XFU (high flow rate xenon feed unit) 1 
T-100 (100 kg tank) 1 
T-200 (200 kg tank) 1 
Cable set 1 
Pipeline set 1 
On-board software (OBSW), set 1 
Gas-jet nozzles (for version with actuators) up to 8 
Additionally 
Two-stage drive with flow angles ± 90° 4 
Orientation device with two-stage drives and rods 2 

 
 
It should be noted that in the presence of a monofuel 

propulsion subsystem, it is possible to abandon a pneu-
matic system using cold gas and drives to create control 
moments. 

If the task of final ascent is not set, then about 200 t·s 
from the total impulse will be enough to ensure orbit  
correction. Consequently, a tank capacity of 100 kg  
is sufficient, taking into account the reserve for leaks, 
non-produced balance, guarantee balance and reserve to 
ensure the operation of the pneumatic system on cold gas 
(if any). Thus, for the operation of the propulsion subsys-
tem, it is enough to have tanks with a capacity of 100 and 
200 kg. It is desirable that the tanks have identical dimen-
sions and design, different only in the thickness of the 
pressure restraint layer and weight, for example, on the 
basis of the tank developed at ISS JSC [8]. If it is neces-
sary the combination of such tanks can easily obtain a 
total capacity of 300 and 400 kg. Taking into account the 
actually achieved perfection of the design of the tanks, 
characterized by the value of the tank coefficient (the ra-
tio of the mass of the tank to the maximum refueling) of 
about 0.1, the mass savings in the case of creating a tank 
with a capacity of 200 kg can reach about 10 kg, for a 
tank with a capacity of 100 kg – up to 20 kg compared to 
the option of placing the stock of the propellant in a tank 
with a capacity of 300 kg. 

Xenon feed unit requirements. When xenon con-
sumption in one thruster is about 4 mg/s and there is a 
simultaneous operation of up to 4 thrusters, then it is nec-
essary to ensure consumption up to 16 mg/s. When 
maximum 4 nozzles operate simultaneously it is neces-
sary to ensure a flow rate of about 1.6 g/s for the pneu-
matic system to work on cold gas. Thus, when there is a 
pneumatic system, a xenon feed unit with a very large 
flow range from 4 mg/s to 1.6 g/s is needed. 

Basic requirements for the drive (orientation 
mechanism) of thrusters. a cross-shaped arrangement of 
4 thrusters (fig. 3) is taken as a basis with an optimal de-
viation of the thrust line from the Z direction of 20–25 °, 
then to create thrust in the Y direction (for a final ascent) 
it is necessary to deploy two thrusters at an angle of about 

70°. To provide pitch control torque (around the Z axis), 
one or two thrusters must be turned towards ± X at  
an angle of about 90°. Thus, it is desirable to have  
a two-stage drive for one thruster with pumping angles up 
to ± 90°. If rods are also provided for changing the posi-
tion of the thrusters, drives of this type can be placed in 
their root and end parts. 

In view of the foregoing, the quantitative composition 
of the constituent elements of the propulsion subsystem 
for the solution of the tasks enumerated in tab. 1 is pre-
sented in tab. 2. 

Conclusion. It is shown that if a high-pulse plasma 
thruster with a power of 2 kW, a power converter unit, 
switching units with access to two and four thrusters, a 
xenon feed unit with a wide flow range, tanks for 100 and 
200 kg of xenon, and also, as an additional options, two-
stage drives or combinations of drives with rods are cre-
ated, then it is possible to form an electric propulsion sub-
system for solving a wide range of tasks – from orbital 
correction in the simplest version of four motionless 
mounted thrusters to a multifunctional system that pro-
vides raising a spacecraft to the GSO, orbit correction and 
creation of control moments. The presence of these blocks 
will also allow the formation of propulsion subsystems 
for solving various sustainer tasks in a fairly wide range 
of available power of the onboard power supply system. 
The construction of a conversion and control system in 
the form of separate power and switching units will allow 
in many cases to reduce weight, simplify the formation of 
the propulsion subsystem as a whole, and reduce the cost 
of its development. Thus, if the presented concept is im-
plemented, it will create conditions for expanding, in jus-
tified cases, the scope of application of electric propulsion 
subsystems and increasing on this basis the overall effi-
ciency of a spacecraft by reducing the mass of the propul-
sion subsystem compared to alternative types, in particu-
lar subsystems based on chemical thrusters. 
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THE USE OF SEALED GAS-FILLED EEE-PARTS IN UNITS INTENDED  

FOR LONG OPERATION UNDER VACUUM AND INCREASED VOLTAGE ENVIRONMENT 
 

Yu. V. Kochev1, Yu. M. Ermoshkin1*, A. A. Ostapushchenko2 
 

1JSC Academician M. F. Reshetnev Information Satellite Systems 
52, Lenin St., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation 

2JSC “Scientific & Industrial Сentre “Polyus” 
56v, Kirov Av., Tomsk, 634050, Russian Federation 

*E-mail: erm@iss-reshetnev.ru 
 
Today, the scope of application of electric propulsion systems for orbit correction and spacecraft’s attitude control 

is rapidly expanding due to their high efficiency compared to liquid jet systems. The main elements of electric jet sys-
tems are plasma or ion thrusters. To ensure power supply of such thrusters, complex electronic power processing sys-
tems – power processing units (PPU) – are used. These units are capable to operate for a long time (up to 15 years or 
more) in a high vacuum environment and generate sufficiently high accelerating voltages – from 300 V and higher. 
PPU’s comprise various EEE-parts, mainly in the case design. As a rule, the technology of their production is such that 
air or nitrogen is initially located inside the housing at atmospheric pressure. During the operation of the unit, the non-
absolute hermeticity causes pressure decrease inside EEE housings. Due to high voltages applied, this can lead to elec-
trical breakdowns between current-carrying elements inside the parts, their failure with the subsequent failure of the 
functional blocks of the unit. The paper considers the physical principles of the breakdown occurrence inside EEE-parts 
cases. The results of non-hermiticity measurements of several types of HV EEE-parts are presented. The dynamics of 
the pressure drop to the values dangerous from the point of view of breakdown event and the relevant occurrence 
duration are estimated. It is shown that duration of being exposed to the pressure-dangerous conditions can be as long 
as spacecraft service lifetime. It can make difficult to use packaged gas-filled EEE-parts at the level of units intended to 
operate in non-pressurized compartments of spacecraft.  Recommendations are provided for selecting the design of 
EEE parts with an operating voltage of about 300 V or more, as well as circuit solutions used to develop high-voltage 
equipment intended to operate in vacuum environment. 

 
Keywords: Paschen law, breakdown, vacuum, non-hermeticity, EEE-parts, power processing unit, spacecraft. 
 
 

О ПРИМЕНЕНИИ ГЕРМЕТИЧНЫХ ГАЗОНАПОЛНЕННЫХ ЭЛЕКТРОРАДИОИЗДЕЛИЙ  
В ПРИБОРАХ, ДЛИТЕЛЬНО РАБОТАЮЩИХ  

В УСЛОВИЯХ ВАКУУМА И ПОВЫШЕННОГО НАПРЯЖЕНИЯ 
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В настоящее время динамично расширяется сфера применения электрореактивных двигательных систем 
для коррекции орбиты и управления положением космических аппаратов. Это вызвано их высокой экономич-
ностью по сравнению с системами на базе жидкостных реактивных двигателей. Основными  элементами 
электрореактивных систем являются плазменные или ионные двигатели. Для электропитания таких двигате-
лей применяются сложные энергопреобразующие электронные приборы – системы преобразования и управле-
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ния (СПУ). Такие приборы должны длительно (до 15 лет и более) работать в условиях глубокого вакуума и при 
этом вырабатывать достаточно высокие ускоряющие напряжения – от 300 В и выше. В составе приборов 
СПУ применяются различные электрорадиоизделия (ЭРИ), преимущественно в корпусном исполнении. Как 
правило, технология их изготовления такова, что внутри корпуса изначально находится воздух или азот при 
атмосферном давлении. Однако в процессе эксплуатации прибора вследствие неабсолютной герметичности 
корпусов ЭРИ давление внутри них снижается. В условиях приложения повышенных напряжений это может 
приводить к возникновению электрических пробоев между токоведущими частями внутри элементов, выходу 
их из строя с последующим отказом функциональных блоков прибора. В статье рассматриваются физические 
принципы возникновения пробоя в подкорпусном пространстве электрорадиоизделий. Приведены результаты 
измерения негерметичности некоторых типов высоковольтных ЭРИ. Дается оценка динамики спада давления 
до опасной с точки зрения пробоя зоны и длительности нахождения в ней. Показано, что длительность на-
хождения в опасной зоне по давлению может быть сопоставимой со сроком службы космического аппарата. 
Данное обстоятельство может затруднить применение корпусных газонаполненных ЭРИ в составе приборов, 
предназначенных для работы в негерметичных отсеках космических аппаратов.  Сформулированы рекоменда-
ции по выбору конструкции электрорадиоизделий с рабочим напряжением порядка 300 В и более, а также 
схемных решений при разработке высоковольтного оборудования, предназначенного для работы в вакууме. 

 
Ключевые слова: закон Пашена, пробой, вакуум, негерметичность, электрорадиоизделие, система преобра-

зования и управления, космический аппарат 
 
Introduction. As a part of the propulsion subsystems 

of modern spacecrafts (SC), electric propulsion engines 
(EPE) are increasingly used [1]. This is primarily due to 
their better efficiency compared to engines running on 
chemical fuel. Various types of engines and devices for 
controlling and powering such engines are being devel-
oped all over the world. [2–5]. Further improvement in 
the characteristics of electric propulsion engines is di-
rectly related to the increase in the accelerating voltage 
generated by the power processing unit (PPU). If the volt-
age of a widely used domestic engine of the SPT-100 type 
is about 300 V [6], then in more economical models it is 
already about 800 V and higher [7; 8]. In this regard, the 
need to use high-voltage element base in PPU devices is 

obvious. The reliability of electrical components and their 
correct application determines the final reliability of the 
onboard equipment, subsystem, and spacecraft itself. 
Therefore, the issues of reliability and conditions of use of 
EEE-parts are very important and relevant. 

It should be pointed that current Russian spacecrafts 
are non-hermetic and designed for 15 or more years of 
active existence [9]. This means that the EEE-parts used 
in the spacecraft equipment, including high-voltage ones, 
must also ensure normal operation in vacuum conditions 
during this period.  

Usually, the design of high-voltage EEE assumes the 
presence of a sealed housing, inside of which the active 
element is located (fig. 1).  

 
 
 

 
 

  
а б 

 
Fig.1. Standard hermetic EEE housing design:  

а – external view; b – view with the case cover removed 
 

Рис. 1. Конструкция корпуса типового герметичного ЭРИ: 
а – внешний вид; б – вид со снятой крышкой корпуса 
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Fig. 2. Paschen curves for different gases 
 

Рис. 2. Кривые Пашена для различных газов 
 
 
The case is designed to protect active elements during 

storage and ground operation from mechanical damage 
and from ingress of foreign pollutants or chemically ag-
gressive substances, primarily moisture, which can cause 
corrosion. As a rule, air or nitrogen at atmospheric pres-
sure is located inside the case of a manufactured hermetic 
EEE. However, it is obvious that the tightness of the EEE 
case can not be absolute. During the operation of the EEE 
in a vacuum, due to leaks at the place where the cover is 
attached to the base of the housing and diffusion directly 
through the housing material, the pressure inside the EEE 
case inevitably decreases. In accordance with Paschen 
law, in the presence of high voltage between the inner 
electrodes of EEE and at the value of inner pressure falls 
within a certain range (hereinafter “Paschen zone”),  
you may experience breakdown, leading to electronics 
failure. It is obvious that the consequence of the EEE fail-
ure, depending on the adopted circuit solutions of the de-
vice, may be a decrease in its performance up to a com-
plete failure. Note that the level of hermeticity of EEE 
housings is regulated in the technical specifications (TU) 
for them and confirmed in the process of qualification  
and periodic tests of electrical products. It can be  
5·10–5 – 5·10–4 cm3·mmHg/s in order of value. Confirma-
tion of the hermeticity parameter during the acceptance 
tests of the EEE is usually not carried out. It is also obvi-
ous that the actual hermeticity of a particular type of EEE 
may vary, as it depends on many technological factors: 
the actual size of the case and base of the EEE, the quality 
of the cover connection, the amount of glue applied, ex-
ternal conditions during the sealing process, etc. 

Taking into account the importance of ensuring the 
normal operation of EEE as a part of high-voltage devices 
designed to operate in a vacuum it seems appropriate to 
consider the problem in more detail and outline possible 
ways to solve it. This article is devoted to the analysis of 
the causes and conditions of breakdowns in the cases of 
hermetic EEE, the forecast of the time when the EEE pro-

ceeds to the “Paschen zone” and the time spent in it, and 
the consideration of possible ways to resist this phenome-
non to improve the reliability of high-voltage onboard 
devices of non-hermetic SC. 

Physical principles of occurrence of electric dis-
charges within the design of EEE-parts. The effects of 
electrical breakdowns in high-voltage onboard equipment 
are well known and studied. In particular, the fact that 
plasma formed by the spacecraft engines that penetrates 
into the internal cavities of high-voltage equipment can 
create conditions for the occurrence of arc discharges 
[10]. There are recommendations for reducing the prob-
ability of electric discharges, for example, minimizing 
pointed and curved surfaces of conductors and electrodes 
that lead to strong electric field inhomogeneities [11]. 
However, these recommendations apply to the device 
design, EEE and conductors installation. The issues of 
electrical breakdowns at the level of the EEE structure are 
currently insufficiently studied. 

According to generally accepted concepts, an inde-
pendent electric discharge in gas occurs because of an 
electrical breakdown when an ignition voltage is applied 
between the electrodes. In the case of a homogenous field, 
the ignition potential depends on the type of gas and on 
the multiplying the gas pressure P by the distance be-
tween the electrodes d. The Paschen law established ex-
perimentally says that the lowest ignition voltage of a gas 
discharge (breakdown voltage) between two flat elec-
trodes is a constant value for the same values of the mul-
tiplication P·d (fig. 2) [12]. 

The theory of the occurrence of a breakdown (elec-
tronic avalanche) in gas was proposed by Townsend [13]. 
According to this theory the breakdown voltage depends 
as follows on multiplying the pressure by the electrode 
spacing: 
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where γ is the coefficient that characterizes surface  
ionization (the number of electrons knocked out of the 
cathode by a single incident ion), B = Aφi, A = (Рλ)–1,  
P is the pressure, λ is the free path of electrons under 
these conditions, and φi   is the ionization potential of the 
gas molecule (volts). 

The diagrams and formulae demonstrate that at a fixed 
distance between the electrodes there is a pressure range 
(“Paschen zone”), where the conditions for the breakdown 
of the interelectrode gap can be created within a certain 
electric field. It also follows that the greater the applied 
voltage, the wider “Paschen zone”. 

On the right side of the Paschen curve, that is, when 
the pressure increases, the breakdown voltage increases 
due to a decrease in the free path of the electrons and a 
corresponding decrease in the kinetic energy they gain 
when moving in an external electric field. On the left side 
of the curve, that is, when the pressure decreases, the 
breakdown voltage also increases, but due to the decrease 
in the number of newly appeared electrons because of the 
frequency collisions fall due to the decrease in the con-
centration of gas molecules. 

The graphs (fig. 2) show that the minimum breakdown 
voltage for air is 325–330 V at the parameter value  
P·d ≈ 0.5–0.6 mm Hg·cm. It is obvious that for a particu-
lar EEE the constant values are the distance between the 
electrodes and the maximum applied voltage, and the 
variable value is the air pressure inside the case. It is also 
clear that the time of reaching the Paschen zone from the 
moment of placing the element in a vacuum and the dura-
tion of its stay in it depends on the volume of the inside 
space of the EEE case and the value of the hermeticity 
index.  

The volume of inner space of some typical EEE, as 
shown below (tab. 1), is in a limited range, about  
120–1500 mm3. Therefore, the actual value of the her-
meticity index is the decisive factor determining the time 
of reaching the Paschen zone and the duration of staying 
in it. 

Dynamics of pressure changes inside the EEE case. 
When considering the change in pressure inside the EEE 
case, we can use an analogy with the problem of changing 
the pressure in a vessel when air flows out of it into  
a vacuum through a small hole. In vacuum technology, 
this task is interpreted as pumping air out of a vessel  
using a so-called ideal vacuum pump, which is taken as 
an environment with zero pressure. The following basic 
concepts are applied in the theory of vacuum technology 
[14–16]: 

By definition, Q = d (PV)/dt – gas flow (leak, flow 
rate, or leak indicator) – the amount of gas pumped out of 
the vessel per unit of time. This parameter has a dimen-
sion of PA·м3/sec (W) or l·mm Hg/s – for microtubules.  
It can be measured and depends on the pressure in the 
vessel. 

S – speed (velocity) of pumping out of the vacuum 
pump or conductivity of the conditional opening – the 
volume of gas pumped out by the pump per unit of time. 
Dimension – m3/sec, l/sec. The pumping speed character-
izes the pump performance and is determined at a specific 
pressure, so it is a fixed value. 

The following relation connects the parameters Q  
and S: 

Q S P  ,                       (2) 
 

where P is the current pressure in the vessel. 
Hence, for known initial values P0 and Q0: 
 

0

0

Q
S

P
 .                     (3) 

 

Based on the definition of the flow, taking into ac-
count the constant value of the volume of the inner case 
space V and the negative value of the pressure change rate 
(the pressure inside the case of the EEE falls due to mi-
cro-leakage), we can write: 
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After integrating (5) from 0 to t and from Р0 to P, we 
get the time of pressure reduction inside the case from P0 
to P: 

0 0
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  .             (6) 

 

Accordingly, the value of the pressure inside the case 
in time t after placing the EEE in a vacuum is: 
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  .              (7) 
 

It should be noted that the standard conditions for de-
termining leaks are pressure difference between the inner 
and outer sides of the product ΔP = 105 PA (1 atm), test 
gas – air, temperature –298 K. The flow of a leak in stan-
dard conditions is indicated by the symbol B. However, in 
practice, the leak value is determined not by air, but by 
the test gas, (in most cases – helium). For the molecular 
flow regime, the ratio between the flow in standard B and 
test Q conditions is valid [16]: 
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M
  .                    (8) 

 

where MГ ≈ 4 – is the molecular weight of the sample  
gas (helium), MВ ≈ 29 – is the molecular weight of  
the air. 

Since in this example we consider the outflow of air 
from the EEE case, and the flow Q is determined experi-
mentally by helium, in formulas (6), (7), the parameter Q0 
should be multiplied by the value (МГ/МВ)–1/2 = 0.375. 
Then the formula (6) is refined: 
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   .                     (9) 

 

If t1 is the time of pressure reduction from the initial 
Р0 to the upper border of the Paschen zone Р1, and t2  
is the time of reduction to the lower border Р2, then the 
interval of time spent in the Paschen zone: 
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To estimate the time of pressure reduction from at-
mospheric to the upper and lower limits of the dangerous 
range, it is necessary to know the level of actual  
non-hermeticity of the EEE case, that is, the value of the 
leak Q0. The main factor affecting this indicator is the 
design of the element and the method of sealing the hous-
ing. Depending on the design and manufacturing method, 
elements can be distinguished: a) with ceramic housings, 
the hermeticity of which is provided by an adhesive con-
nection; b) with metal-glass housings, the hermeticity of 
which is provided by welding; c) metal-ceramic housings, 
the hermeticity of which is provided by seam-roller weld-
ing. At JSC “SPC “Polyus”, samples of some high-
voltage EEE manufactured using various technologies 
were tested. They showed that the actual value of the 
hermeticity index is 1–2 orders less than in the technical 
specifications (TS) per element, that is, the actual leak is 
significantly less than indicated in the TS. The test results 
for various types of EEE are shown in tab. 1. 

Using the formula (10), we estimate the time required 
for the pressure in the inside the housing to decrease from 
the initial value of 1 atm to the Paschen zone, as well as 
the time spent in this zone (fig. 3), based on the norm of 
the hermeticity index for the TS and the measured values 
(see tab. 1). Since the actual value of the leak has a 
spread, the maximum possible duration of stay in the dan-
ger zone for this type of EEE is equal to the difference 
between the time of exit from the zone at the minimum 
leak and the time of entry at the maximum leak. 

The calculated data on pressure drop times for various 
levels of hermeticity index, operating voltages and types 
of EEE, shown in tab. 1, are presented in tab. 2. The  
considered types of EEE do not have protection of the 

electrodes with an insulating compound, with the excep-
tion of type 2. 

Analysis of the results obtained. From tab. 1, 2 and 
fig. 3, we can conclude the following: 

1. The actual level of the hermeticity index is usually 
1–2 orders lower than the level recorded in the TS per 
element. 

2. The actual level of the hermeticity index depends on 
the design of the EEE and has the highest values (maximum 
leak) for EEE with ceramic housings, the hermeticity of 
which is provided by an adhesive connection. 

3. There is a significant variation in the actual values 
of the hermeticity index of a particular type of EEE (up to 
40 times), due to various technological factors. 

4. The time to reach the upper border of the Paschen 
zone from the start of operation in full-scale conditions, as 
well as the duration of stay in this zone depends on the 
actual level of the EEE hermeticity index, the value of the 
subcase volume and the maximum operating voltage be-
tween the internal electrodes. The duration of being in a 
dangerous zone can range from two weeks to several tens 
or even hundreds of years. 

These conclusions, at least, call into question the pos-
sibility of normal operation of gas-filled high-voltage 
housing EEE in vacuum, since during the long-term op-
eration of the product (15 years or more), elements of this 
type must necessarily fall into the Paschen zone with an 
increased risk of breakdown. 

In addition, the analysis of existing domestic standards 
regulating the methodology of qualification and acceptance 
tests of EEE was carried out. It showed that tests of high-
voltage EEE for the occurrence of electrical breakdowns 
in the sub-housing space are not currently provided.  

 
 

 
 

Fig. 3. Graph of pressure drop at the rate of hermeticity index for TS with indication  
of the Paschen zone for each type of EEE 

(pressure, mmHg; types of EEE; time, full day) 
 

Рис. 3. График спада давления при норме показателя герметичности по ТУ  
с указанием зоны Пашена для каждого типа ЭРИ 

(давление, мм рт.ст.; типы ЭРИ; время, сут.) 
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Table 1 
Design, parameters, regulated and actual levels of the EEE hermeticiry index of various types 

 

Opera-
tional 

voltage 
(TS) 

Inner 
volume 

Min 
distance 
between 

elec-
trodes 

Hermeticity index 
Q0  (TS), 

Q0 
(measured 
valume) 

 

 
 

Quan-
tity 

 

Type Design 

V mm3 mm cm3·mmHg·s-1 cm3·mmHg·s-1 item 
1 Ceramic housings, hermeticity 

provided by an adhesive con-
nection 

600 120 0.5 5·10-4 7.6·10-6 – 
9.8·10-5 

97 

2 Metal-glass housings, her-
meticity provided by welding 

800 1500 1.5 5·10-5 1.9·10-6 – 
7.5·10-5 

15 

3 Metal-ceramic housings, her-
meticity provided by seam-
roller welding 

600 120 0.5 5·10-4 2.6·10-6 – 
9.5·10-6 

15 

4 Metal-ceramic housings, her-
meticity provided by seam-
roller welding 

450 230 0.5 5·10-5 2·10-6 – 
5.5·10-6 

15 

 
 
 

Table 2 
Time of pressure decline to the Paschen zone, duration of stay in it 

for the EEE of different types and different hermeticity indexes 
 

Type of 
EEE 

Paschen zone, 
mmHg 

Hermeticity index,  
cm3·mmHg·s-1 

Time of decline to the 
upper border of the 
Paschen zone, days 

Time of decline to the 
lower border of the 
Paschen zone, days 

The duration of 
stay in the Paschen 

zone, days 
TS 15 29 14 

act., max 77 – 
1 4–52 

act., min – 1946 
1869 

TS 2277 4674 2397 
act., max 1518 – 

2 1–30 

act., min – 122993 
121475 

TS 15 29 14 
act., max 796 – 

3 4–52 

act., min – 5688 
4892 

TS 342 543 201 
act., max 3111 – 

4 5–32 

act., min – 13569 
10458 

 
 
From the above, we concluded that the use of high-

voltage gas-filled EEE as part of devices that operate for a 
long time in vacuum without additional measures that 
reduce the probability of breakdown is associated with 
high risk.  

Possible ways to solve the problem of ensuring 
long-term operation of high-voltage devices in vacuum 
conditions. We can offer developers of high-voltage de-
vices with a long service life, designed to work in a vac-
uum the following logic for designing devices using high 
voltage EEE: 

1. If possible, build the device circuitry in such a way 
that the maximum voltage between the internal EEE elec-
trodes does not exceed the breakdown voltage according 
to Paschen law (with some extra), for example, not more 
than 250 V. 

2. If it is impossible to avoid operating modes of high-
voltage EEE with a voltage of about 300 V or higher, then 
you should use a special version of EEE, which would 
exclude the possibility of a breakdown according to the 
Paschen law. In particular, JSC “SPC “Polyus” consid-
ered the following options for modification of EEE hous-

ing: a) coating the internal electrodes and the crystal with 
insulating compounds; b) partial filling of the inner cavity 
with an insulating compound; c) total filling of the inner 
cavity with an insulating compound. 

Experimental studies have shown that the best solu-
tion in terms of ensuring the resistance of the EEE to elec-
trical breakdowns is option b), that is, a continuous filling 
of the inner space with an insulating compound. Other 
methods enhanced the resistance of the sub-housing space 
to electrical breakdowns, but did not completely exclude 
them. 

3. Replacing the “small leak” with the “large leak” by 
performing special holes in the EEE housing to remove 
the internal atmosphere of the EEE during the initial pe-
riod of operation of the device in vacuum. Switching on 
the device should be carried out after guaranteed removal 
of air from the sub-housing space of the EEE, that is, 
when the pressure decreases below the lower border of 
the Paschen zone. 

Conclusion. An analysis of the operating conditions 
of hermetic EEE with gas-filled housing as part of long-
term vacuum-operated devices of non-hermetic design 
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shows that EEE of this type due to natural leaks can fall 
into a dangerous zone from the point of view of electrical 
breakdown by internal pressure. At the same time, the 
time of getting into this zone and, more importantly, the 
duration of being in it have a significant spread – from 
two weeks to several decades, that is, the element can be 
in the danger zone for almost the entire life of the SC. 
This circumstance bring into question the possibility of 
using EEE of this type in accordance with the technical 
specifications as a part of long-life devices of non-
hermetic design without special measures to exclude the 
possibility of  breakdowns due to the Paschen effect. 
These measures include reducing the operating and 
maximum voltage between the EEE electrodes to the level 
below the breakdown level, carried out by special circuit 
solutions, modifying the EEE by filling the inside housing 
space with an insulating compound, or using specially 
designed EEE for working in vacuum (ventilated or in a 
non-housing version). 
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CHANGE IN MAGNETORESISTANCE IN MANGANESE CHALCOGENIDES  

MnSe1-XTeX FROM BULK TO THIN-FILM SAMPLES 
 

S. S. Aplesnin1*, K. I. Yanushkivich 2 
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The electrical and optical properties of anion-substituted antiferromagnetic semiconductors MnSe1-ХTeХ  

(0.1 ≤ X ≤ 0.4) in the temperature range 77-300 K and magnetic fields up to 13 kOe in bulk samples and in polycrystal-
line thin films are investigated. Negative magnetoresistance was found in the MnSe1-XTeX solution in the neighbour-
hood with a Néel temperature for X = 0.1 and for a composition with X = 0.2 in the paramagnetic region up to 270 K.  
A correlation was established between the spin-glass state and magnetoresistance for X = 0, 1 and 0.2.  The optical 
absorption spectra were measured in the frequency range 2000 cm-1 < ω < 12000 cm-1. A decrease in the gap in the 
spectrum of electronic excitations and a several of absorption peaks near the bottom of the conduction band were 
found.  Coexistence of two crystalline phases was found in polycrystalline films of the MnSe1-XTeX system by X-ray 
diffraction analysis. Resistance maxima were established in the region of polymorphic and magnetic transitions.  
A model of localized spin-polarized electrons with a localization radius varying in a magnetic field as a result of com-
petition between ferromagnetic and antiferromagnetic interactions is proposed. In the paramagnetic region, negative 
magnetoresistance is caused by tunneling of spin-polarized electrons during orbital ordering. 

 
Keywords: manganese chalcogenides, magnetoresistance, conductivity, thin films, current-voltage curve. 
 
ИЗМЕНЕНИЕ МАГНИТОСОПРОТИВЛЕНИЯ В ХАЛЬКОГЕНИДАХ МАРГАНЦА MnSe1-XTeX  

ПРИ ПЕРЕХОДЕ ОТ ОБЪЕМНЫХ ОБРАЗЦОВ К ТОНКОПЛЕНОЧНЫМ 
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Исследованы электрические и оптические свойства анион-замещенных антиферромагнитных полупровод-

ников MnSe1-ХTeХ (0,1 ≤ Х ≤ 0,4) в области температур 77–300 К и магнитных полей до 13 кЭ в объемных об-
разцах и поликристаллических тонких пленках. В твердых растворах MnSe1-ХTeХ обнаружено отрицательное 
магнитосопротивление в окрестности температуры Нееля для Х = 0,1 и для состава с Х = 0,2 в парамагнит-
ной области до 270 К. Установлена корреляция спин-стекольного состояния и магнитосопротивления  
для Х = 0,1 и 0,2.  Измерены спектры оптического поглощения в интервале частот 2000 cm-1 < ω < 12000 cm-1.  
Обнаружено уменьшение щели в спектре электронных возбуждений и ряд пиков поглощения вблизи дна зоны 
проводимости. В поликристаллических пленках системы MnSe1-ХTeХ найдено сосуществование двух кристал-
лических фаз методом рентгеноструктурного анализа. Обнаружены максимумы сопротивления в области 
полиморфного и магнитного переходов. Предложена модель локализованных спин-поляризованных электронов 
с радиусом локализации, меняющимся в магнитном поле в результате конкуренции ферромагнитных и анти-
ферромагнитных взаимодействий. В парамагнитной области отрицательное магнитосопротивление вызвано 
туннелированием спин-поляризованных электронов при орбитальном упорядочении. 

 
Ключевые слова: халькогениды марганца, магнитосопротивление, проводимость, тонкие пленки, ВАХ.  
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Introduction. To control spacecraft in extreme condi-
tions with a temperature difference of two hundred or 
three hundred degrees, it is necessary to create elemental 
electronic microelectronics that operates in these condi-
tions. Traditional electronics operates on silicon and ger-
manium semiconductors operating with an electron 
charge. But the electron has a spin and orbital angular 
momentum, which is used in spintronics, which takes 
advantage of both non-volatile magnetic memory and 
high-speed electrical information processing systems. In 
spintronics [1; 2], to convert an electric signal, not only 
the charge degree of freedom of an electron is used, but 
also a spin, which allows creating fundamentally new 
spintronic devices. The electron has orbital degrees of 
freedom, acting on which it is also possible to regulate the 
transport and dielectric characteristics in a magnetic field 

In chalcogenides, there is a relationship between  
the parameters of the magnetic and electrical subsystems 
[3–7] and the effect of magnetoresistance [8–12]. To date, 
manganese oxide compounds (manganites of the LaMnO3 
type) [13–17], europium chalcogenides, CdCr2Se4, and 
HgCr2Se4 selenides [18–20] are being intensively studied. 
In the MeXMn1-XS sulfide systems (Me = 3d metal) syn-
thesized on the basis of -MnS monosulfide and undergo-
ing the metal – insulator transition [21–24], the CMR 
effect was found to be comparable with its value in man-
ganites [25–28]. 

Manganese chalcogenides MnSe and MnTe are anti-
ferromagnets (AFM) and undergo structural and magnetic 
transitions with an increase in the degree of hybridization 
of manganese cations with Se and Te anions [29; 30]. The 
change of the transport properties from the semiconductor 
to metal at the temperature near the room one. MnTe 
crystallizes in a hexagonal structure of the NiAs type [29]. 
Mn manganese monoselenide MnSe exhibits a structural 
phase transition from the cubic phase to the NiAs struc-
ture in the temperature range 248 K < T < 266 K [30], and 
below this temperature phase coexistence is observed in 
the sample. 

The antiferromagnet MnTe consists of ferromagneti-
cally ordered spins in the plane that are oriented anti-
ferromagnetically along the hexagonal axis. The spins are 
located in the base plane and have anisotropy of the light 
plane type with a Néel temperature T = 340 K [31].  
For MnSe, the Néel temperature in the cubic modification 
is TN = 135 K, and in the hexagonal NiAs phase it coin-
cides with the structural transition temperature TS = 272 
K. Manganese chalcogenides are semiconductors with p – 
type conductivity, which have an energy gap in the spec-
trum of single particle electronic excitations for MnSe 
(2.0–2.5) eV and MnTe (0.9–1.3) eV with polaron type 
charge carriers [32]. The effect of magnetoresistance in a 
magnetically ordered cubic phase was detected on MnSe 
samples when approaching the Néel temperature with the 
electrical resistivity ρ = 104 – 103 Ohm · cm [33]. A de-
crease in the metal – anion Mn–Te bond length, according 
to theoretical calculations of the band structure [34], in-
duces a change in the crystal structure from hexagonal to 
cubic with antiferromagnetic ordering with a binding en-
ergy of one Mn–Te pair EZB, H = −0.31 eV/bond with 
bond length RAF = 2.70 Å, and with ferromagnetic order-
ing EZB, H = −0.51 eV/bond with RF = 2.71 Å. In the 

NiAs structure, the bond length is R(Mn–Te) = 0.273 Å. 
The lattice constant a = 5.44 Å in MnSe with a NaCl 
structure is somewhere in the middle between 2RF and 
2RH; therefore, when selenium is replaced by tellurium at 
low concentrations, the formation of Mn-Te-Mn ferro-
magnetic bonds with anisotropy of the light plane type is 
possible. As a result, the formation of the angular phase 
and enhancement of the magnetoresistive effect in anion-
substituted MnSe1-XTeX solid solutions are possible.  
Substitution of selenium with tellurium leads to suppres-
sion of the hexagonal phase and to the single-phase state 
of the MnSe1-XTeX system with a face-centred cubic  
structure with space group (225) [35] in the temperature 
range 120 K < T < 300 K and in the concentration range 
0.1 ≤ X ≤ 0, 4 [36]. Local non-correlated lattice deforma-
tions are possible, which will cause a change in the  
electronic structure and a change in resistance during the 
hopping type of conductivity along with changes in the 
magnetic properties [37–38]. 

The aim of this work is to detect the magnetoresistive 
effect and to elucidate the microscopic mechanism of the 
influence of the magnetic field on the transport properties 
of MnSe1-ХTeХ solid solutions (0.1 ≤ X ≤ 0.4) based  
on a comprehensive study, electrical resistivity, current-
voltage characteristics and optical absorption spectra  
depending on temperature and magnitude of the magnetic 
field. 

Materials and research methods. The electrical re-
sistivity is measured by a standard four-probe compensa-
tion method using direct current in the temperature range 
77–300 K in a magnetic field of up to 13 kOe. Fig. 1 
shows a temperature dependence of the resistance of 
MnSe1-XTeX solutions for all compositions (0.1 ≤ X ≤ 0.4). 
At T < TN, a deviation from the linear dependence  
lnρ = lnρ0 + ΔE/T is observed. The activation energy  
ΔE ≈ (0.07–0.09) eV is practically independent of the 
composition in these samples. 

The effect of a magnetic field on transport properties 
was investigated in two ways. First, the change in resis-
tance was measured by the temperature of MnSe1-ХTeХ 
solid solutions located both in a magnetic field and in its 
absence. Secondly, at a fixed temperature, the current-
voltage characteristics were studied in a zero magnetic 
field and in a field H = 13 kOe. Fig. 2 shows the current-
voltage characteristics of manganese chalcogenides 
MnSe1–ХTeХ for composition X = 0.1 at temperatures 
(100, 140 and 190 K). The U(I) dependences are linear 
and independent of the magnitude of the magnetic field at 
T < 100 K. It was established that the resistance of the 
samples decreases in the magnetic field and the greatest 
change (about 100 %) was found in the neighbourhood  
of the Néel temperature for a composition with X = 0.1 
(fig. 3, a). For a concentration with X = 0.2, a decrease  
in resistance was found in the paramagnetic region  
at a temperature above the Néel temperature and in the 
temperature range 160 K < T < 270 K is 5 % (fig. 3, b). 
For high concentrations, magnetoresistance (MR) was not 
detected. 

The magnetic moment of the samples was measured  
in a magnetic field of 0.8 T in the temperature range  
80 K < T < 700 K in two modes: cooling in a zero mag-
netic field and in a magnetic field of 0.8 T.  
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Fig. 1. Temperature dependence of the electrical resistivity MnSe1–XTeX  
solutions with concentration of X = 0.1 (1), 0.2 (2), 0.3 (3), 0.4 (b) 

 
Рис. 1. Температурные зависимости удельного электросопротивления 

для твердых растворов MnSe1–ХTeХ с концентрацией замещения  
Х = 0,1 (1), 0,2 (2), 0,3 (3), 0,4 (b) 

 
 

 
 

Fig. 2. The current-voltage characteristic of the MnSe1-XTeX solid solution  
(X = 0.1) in a magnetic field H = 1 T (2) and in a zero magnetic field (1)  

at different temperatures T: 100K (a), 140K (b), 190K (с) 
 

Рис. 2. Вольт-амперная характеристика твердого раствора MnSe1-ХTeХ  
(Х = 0,1) в магнитном поле Н = 1 Т (2) и в нулевом магнитном поле (1)  

при разных температурах Т: 100 К (а), 140 К (b), 190 К (с) 
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The dependence of the susceptibility on the history of 
the sample was found. Thus, the susceptibility of a sample 
cooled in a magnetic field is lower compared to a sample 
in a zero field. The relative change in the magnetic mo-
ment (σ (Н)-σ(0))/σ(0) is shown in fig. 3 (curves 3 and 4) 
and is in qualitative agreement with the temperature be-
havior of the magnetoresistance. 

For X = 0.1, the relative change in the magnetic mo-
ment sharply increases in the neighbourhood of the Néel 
temperature and decreases in absolute value at T = 220 K, 
where the magnetoresistance disappears. For a composi-
tion with X = 0.2, a quantitative agreement is observed 
between the change in the magnetic moment and magne-
toresistance as a function of temperature. The paramag-
netic Curie temperature (θ), determined from the high-
temperature inverse susceptibility, gradually decreases 
with increasing concentration of tellurium. In the molecu-
lar field approximation, θ = 2/3S (S + 1)zJSe for MnSe 
and for low concentrations, the paramagnetic Curie tem-
perature of the MnSe1-XTeX solid solution can be repre-
sented as θ = 2/3S(S + 1)(zJSe(1 – x) + JTex) or the nor-
malized dependence θ(x)/θ(MnSe) = 1 + x(λ – 1) is used 
to determine the sign of the exchange J(Mn-Te-Mn). The 
fitting functions with the ratio of the exchange parameters 
λ = J(Mn-Te-Mn)/J(Mn-Se-Mn) = –1.25 and –0.25  
describe the experimental results well. For concentrations 
X <0.3, the sign of the exchange interaction changes to 
ferromagnetic with a decrease in the exchange value with 
increasing bond length, according to the theoretical pre-
diction [34]. 

The formation of polarons or regions with a high con-
centration of electron density can be traced from the opti-
cal absorption spectra shown in fig. 4 for compositions  
X = 0.2 and 0.4 in the energy range 2000–12 000 cm–1. 
Electromagnetic radiation can be absorbed by charge car-
riers during interband transitions, free charge carriers 
within the same energy zone and crystal lattice vibrations. 
The low-energy absorption spectrum provides informa-
tion on phonon spectra and plasmon vibrations in semi-
conductors, in the high-energy region, on the band gap, on 
the structure of the valence band and the conduction band 
near their extrema. For frequencies ω < 5000 cm–1, an 
increase in the absorption of electromagnetic radiation is 
observed, caused by an increase in the electron concentra-
tion and metallization of the samples. However, these 
compositions of MnSe1-XTeX solid solutions retain  
the activation type of conductivity. A sharp decrease in 
the absorption intensity below the maximum with energy 
ω = 9700 cm–1 for X = 0.4 corresponds to the band gap of 
MnTe ω = 9100 cm–1. Those. at this concentration, Mn-
Te-Mn bonds flow along the lattice. Near the bottom of 
the conduction band, additional absorption maxima are 
observed with ω1 = 6300 cm–1  and with ω2 = 8700 cm–1, 
located in energy below the bottom of the conduction 
band by ΔE1 = 3400 cm–1 and ΔE2 = 1000 cm–1. Possibly, 
these lines correspond to bound states of an electron and a 
hole, which form a hydrogen-like spectrum of excitons. 
The spectral line energies are described by the formula  
Еn = 1.2–0.42/n2 eV with exciton binding energy  
Еb = 0.42 eV. We estimate the exciton radius from the 
formula Rn = n2εmaB /μ, where m is the mass of a free 
electron, aB is the Bohr radius of the hydrogen atom, ε is 

the high-frequency permittivity for a small-radius exciton 
ε = 8 for MnSe [39], μ is the reduced electron and hole 
mass. For μ = 0.5m, the exciton radius is R1 = 0.8 nm =  
= 1.4 Å. Small-radius excitons move through the  
Mn-Te system and, at different effective masses of the 
electron and hole, contribute to the conductivity.  

Magnetoresistance model. When anionic substitution 
occurs, chemical pressure and a change in the crystal field 
of the octahedron arise as a result of the difference in the 
ionic radii of selenium and tellurium. At low concentra-
tions, when the octahedron consists of five selenium at-
oms and one tellurium atom, the bond lengths in the octa-
hedron become not equivalent, which leads to a local in-
crease in the crystal field and a change in the electron 
density between t2g and eg orbitals, i. e. to the formation of 
an electron on the t2g orbital and a hole on the eg orbital 
and to a change in the spin state of manganese ions in the 
neighbourhood of tellurium ions. The sign of the ex-
change interaction will also change as a result of the dou-
ble exchange of electrons in eg orbitals and the kinetic 
exchange in the t2g subsystem. Distortion of the octahe-
dron induces the splitting of t2g and eg orbitals with differ-
ent projections of the +–Lz orbital momentum onto the 
selected axis. The energy of the deformed octahedron 
decreases as a result of the rotation of the octahedra in the 
temperature range 200–250 K depending on the tellurium 
concentration and with a further decrease in temperature, 
it is possible that the manganese ions shift with a local 
change in the lattice symmetry, for example, of the ortho-
rhombic type. 

The microscopic model can be represented as ferro-
magnetic clusters in the neighbourhood of tellurium ions 
with a random orientation of the anisotropy axes and with 
orbital moments. In the MnSe1-XTeX solid solution, we 
distinguish two temperature ranges, for X = 0.1 in the 
vicinity of the Néel temperature and for X = 0.2 in the 
paramagnetic region above the Néel temperature. For a 
composition with X = 0.1, the magnitude of the ferromag-
netic exchange in the clusters exceeds the antiferromag-
netic exchange in the MnSe matrix and an angular phase 
forms with a random orientation of the weak magnetic 
moment in the cluster in the antiferromagnetic region. 
When heated, the interaction between the clusters de-
creases, and the magnetic moments are oriented in the 
direction of the magnetic field, as a result, the ferromag-
netic spin-spin correlation function along the transverse 
components of the spin increases, and the correlation ra-
dius increases. Above the Néel temperature, spin-spin 
correlations and the correlation radius decrease as a result 
of thermal fluctuations of the spin moment. In the off-
diagonal Anderson model, this corresponds to a change in 
the width of the potential well and is associated with the 
temperature dependence of the electron localization radius 

in the form 1 / NA T T   . The magnetoresistance in 

semiconductors, the conductivity of which is described in 
a model with a variable jump length, has an exponential 
dependence 

 

        

 
0 / 0 exp 1

exp / (1 / ) 1,N

H BH
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where B is the parameter, H is the external magnetic field, 
ξ is the electron localization radius [40, 41]. The experi-
mental data on magnetoresistance are satisfactorily  
described in the framework of this model with a field  
H = 0.8 T and a parameter B = 0.13 T–1 for T > TN, and  
B = 0.05 T–1 in the magnetically ordered region. The fit-
ting functions are shown in fig. 3, a, curve 5. 

For the composition X = 0.2, the magnitude of the fer-
romagnetic exchange is much smaller than the antiferro-
magnetic interaction and the electrons are localized within 
the lattice constant, in potential wells, the width of which 
is fixed and the potential barrier varies with temperature. 
Here, one can use the model of tunneling of spin polar-
ized electrons between potential wells in the form 

 
 

        1 20 / 0 1/ 1 cos 1H xP P       ,   (2) 
 

where x is the concentration of the wells, P1,2 is the de-
gree of polarization of the electrons, the angle θ between 
the axes of polarization of the electrons. The spin polari-
zation of electrons is due to orbital ordering. Suppose that 
the polarization value P1,2 is the same for all clusters and 
disappears at a temperature of orbital ordering T0 accord-

ing to a power law 1/4
1,2 0 0(1 / )P P T T  . To qualitatively 

understand the processes of electron tunneling between 
clusters with polarization axes are in the range of angles 
from 0 < θ < π, we consider a simple model when  
the anisotropy field HA is parallel to and orthogonal to the 
external magnetic field. As a result of competition  
between the Zeeman interaction and the anisotropy field, 
the electron spin (polarization direction) will rotate in the 
direction of the external magnetic field with increasing 
temperature.  

 

 
 

Fig. 3. Temperature dependences of the magnetoresistance of MnSe1-XTeX 
chalcogenide with X = 0.1 (1) (a) and 0.2 (2) (b) at H = 13 kOe. The relative 

change in the magnetic moment σ (Н) – σ (0) / σ (0) for X = 0.1 (3) and  
X = 0.2 (4). Fitting functions: for a concentration of X = 0.1 (5) from equation  

(1) at H = 0.8 T, B = 0.13 T-1 in the region of T > TN, and B = 0.05 T–1  
in T < TN; for X = 0.2 (6) from equation  (5) with parameters T0 = 280 K,  

T * = 160 K, n = 2/3, λ = 0.1, cluster concentration x = 0.08 
 

Рис. 3. Температурные зависимости магнитосопротивления халькогенида 
MnSe1-ХTeХ с Х = 0,1 (1) (a) и 0,2 (2) (b) при Н = 13 кЭ. Относительное 

изменение магнитного момента σ (Н) – σ(0)/σ(0) для Х = 0,1 (3)  
и Х = 0,2 (4). Подгоночные функции: для концентрации Х = 0,1 (5)  
из уравнения (1) при Н = 0,8 Т, B = 0,13 T – 1 в области Т > TN,  

и В = 0,05 T–1 в Т < TN; для Х = 0,2 (6) из уравнения  (5) с параметрами  
T0 = 280 K, T* = 160 K,  n = 2/3, λ = 0,1, концентрация кластеров х = 0,08 
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Fig. 4. Optical absorption spectra for MnSe1–XTeX solid solutions  
with X = 0.2 (1), 0.4 (2) at T = 300 K 

 
Рис. 4. Спектры оптического поглощения для твердых растворов MnSe1–ХTeХ  

с Х = 0,2 (1), 0,4 (2) при Т = 300 К 

 
The correlation between the spins is determined by orbital 
ordering. The energy of the magnetic system has the form 

 

 cos cosAE SH SH      ,  (3) 
 

where HA is the anisotropy field, γ is the angle between 
the external magnetic field and the anisotropy field. The 
minimum energy value is achieved at an angle of: 

 

  22 2cos 1/ 1 sin / cos .A AH H H              (4) 
 

The anisotropy field decreases with increasing  
temperature according to a power law in the form  
HA = K(1 – T / T*)n, where T* is the temperature at which 
the anisotropy field caused by rhombic distortion disap-
pears. The ratio of the magnetic field to the anisotropy 
constant is denoted by λ = H/K. Then the temperature 
dependence of the magnetoresistance is presented in the 
form 

 

      

   21/22 * 2
0 0

0 / 0

1/ 1 1 / / 1 1 / / .
n

H

xP T T T T

   

         
  

 (5) 

 

In fig. 3, b, function (5) describes the experimental  
results with parameters T0 = 280 K, T* = 160 K, n = 2/3,  
λ = 0.1, cluster concentration x = 0.08. The tunneling 
model of spin-polarized electrons with orbital ordering 
explains the experimental results on magnetic properties 
and magnetoresistance. 

The structure and electrical properties of thin 
films. With a change in the dimension of the system, the 
physical properties of materials change. In bulk samples 
of manganese telluride, the resistance is independent of 
the magnetic field; however, magnetoresistance with a 
maximum in the region of 200 K was found in thin-film 
MnTe compounds [42]. 

Positive magnetoresistance was found in topological 
insulators [43]. In a bulk Bi2Te3 sample, magnetoresis-
tance (MR) is about 15 % at room temperature, and in 
Bi2Te3 thin films the giant MR effect reaches 600 % at 
room temperature [44; 45]. The observed large MR values 
at room temperature are directly related to a decrease in 
the dimension of the topological insulator. The magne-
toresistance on 200 nm Bi2Se3 films has a linear tempera-
ture dependence and is retained in strong magnetic fields, 
including the high temperature region [46]. The MR ef-
fect is explained by the presence of two channels with 
high carrier mobility, which coexists with the usual bulk 
channel with a mobility of 60 cm2V–1S–1 at high tempera-
tures in thin Bi2Se3 films [47]. With decreasing tempera-
ture, the carrier density in the channel with high mobility 
decreases significantly and free carriers freeze below 85 
K, leaving only a conducting bulk channel in the film. 

A positive MR may be caused by the competition be-
tween the degenerate orbital states of the electron and 
strong electron correlations [48]. In the vicinity of the 
transition temperature of the orbitally ordered phase to the 
paraphase, the “spectral weight” shifts to the Fermi level. 
In this temperature range, the magnetic field again leads 
to an increase in the gap width and to stabilization of the 
orbital order. For narrow-gap semiconductors with a 
width of W = 1 eV, the corresponding temperature for the 
magnetoresistive effect is T ≈ 600 K [48]. 

An increase in the magnetic field resistance in thin 
films of Sr2CrWO6 antiferromagnets is associated with 
the suppression of the long-range antiferromagnetic order 
and the formation of a short-range fluctuation region that 
enhance electron scattering [49]. 

When passing from bulk to thin-film samples in the 
MnSe and MnTe chalcogenides, the Néel temperature and 
activation energy decrease several times [50]. In the 
MnSe and MnTe films, the cubic structure of NaCl [51] 



 
 
 

Сибирский журнал науки и технологий.  Том 21,  № 2 
 

 260

and the hexagonal NiAs structure [52] stabilize respec-
tively. It is possible to detect an increase in the magneto-
electric effect in polycrystalline thin-film compounds  
in comparison with bulk samples of the MnSe1-XTeX  
system. 

Thin film polycrystalline compounds of manganese 
chalcogenides MnSe1–XTeX were obtained by flash method 
deposition of previously synthesized solid solutions on 
glass slides. The precursors were powders with a grain 
size of 0.1 to 0.3 mm. Deposition was carried out in  
a vacuum installation for films deposition of type  
UVN-71R-2.  

The pressure in the reaction chamber during deposi-
tion was 10–2–10–3 Pa. The temperature of the tantalum 
evaporator was maintained at ~ 2000 °C. The substrates 
were located at a distance of 10 cm from the evaporator. 
The temperature of the substrates was 250–300 °C. 

The evaporator temperature was significantly higher 
than the melting point of the solid solutions. Therefore, 
when a small mass of material enters the evaporator, it 
evaporates instantly, which ensures, after crystallization 
on a substrate located at a considerable distance from the 
evaporator, the composition and structure corresponding 
to bulk substances. A device based on shock vibration 
supplied the precursor to the evaporator. The film thick-
ness ranged from 157 nm to 960 nm. The substrates con-
sisted of quartz.  

The X-ray diffraction analysis of the thin-film chalco-
genide compounds MnSe1–XTeX was carried out on a 
DRON-3 apparatus in CuKα radiation at a temperature of 
300 K after they were obtained and after measurements of 
the magnetic and electrical properties. The structure of 
thin-film compounds differs from the face-centered cubic 
structure of bulk polycrystalline  MnSe1–XTeX  of the same  

concentration [51]. According to X-ray diffraction analy-
sis, the substitution of selenium by tellurium in thin-film 
chalcogenide compounds of the MnSe1–XTeX system leads 
to a decrease in the peak intensities characteristic of the 
cubic structure and leads to the appearance of a nickel –
arsenide (NiAs) hexagonal structure. The lattice parame-
ter increases with increasing concentration of the substi-
tuting element, and the ratio c/a ~ 1.4 is less than 1.63 
characteristic of bulk MnTe with a hexagonal NiAs type 
structure, which indicates a compression of the hexagonal 
densely packed structure. 

In the temperature dependence of the resistance  
for X = 0.1, a maximum is observed due to the polymor-
phic transition (fig. 5). With an increase in the concentra-
tion of substitution, the maximum is smoothed out. Car-
rier transfer can occur as a result of electron hopping be-
tween domain walls, or due to diffusion of walls. These 
are activation processes where the electron mobility is 
determined by the expression  0 0exp /aE k T    , 

where 
2

0
0

ba v

k T
  , ν is the hopping frequency equal to the 

phonon frequency (~1013 Hz), and a is the distance be-
tween domain walls [53]. A process of wall diffusion as a 
result of interaction with acoustic spin waves is possible. 
The wall flux is proportional to the diffusion coefficient  
j ~ D ~ vλ, where v is the spin wave velocity, λ is the 
mean free path, which is proportional to the spin correla-
tion radius λ ~ ξ = B/(1 – T/TN).  

The more spins deviate from the antiferromagnetic ar-
rangement, the less is the energy loss when moving the 
wall. The diffusion of domain walls in an antiferromag-
netic matrix increases with increasing temperature  
as D ~ 1/(1 – T/TN).   

 
 

 
 

Fig. 5. The temperature dependence of the electrical resistivity for films 
MnSe0.9Te0.1 (1) and MnSe0.8Te0.2 (2).  The dotted line indicates that the 

temperature dependence of the resistance is described by a power function (6) 
 

Рис. 5. Зависимость электросопротивления от температуры для пленок 
MnSe0,9Te0,1 (1) и MnSe0,8Te0,2 (2). Пунктирная линия указывает,  

что зависимость сопротивления от температуры описывается  
степенной функцией (6) 
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Fig. 6. The current-voltage characteristics measured in a zero magnetic  
field (empty circles) and field 12 kOe (black circles).  MnSe0.9Te0.1  

at T = 80 K(1), 180 K(2) and 220 K(3). 
Insert: MnSe0.8Te0.2 at T = 80 K(1), 180 K(2) and 280 K(3) 

 
Рис. 6. Вольт-амперные характеристики, измеренные в нулевом магнит-
ном поле (светлые кружки) и поле 12 кЭ (черные кружки). MnSe0,9Te0,1 

при Т = 80 К (1), 180 К (2) и 220 К (3). 
Вставка: MnSe0,8Te0,2 при T = 80K (1), 180K (2) и 280K (3) 

 
 
The functional dependence of conductivity on tem-

perature is presented in the form 
 

 exp /
1a

N

А B

T E kT T

T

  
  

 
 

,             (6) 

 

where A and B are adjustable parameters. For the compo-
sition with X = 0.2, function (1) describes the experimen-
tal results with A = 1 10–3, B = 0.4 10–6, Ea = 0.021eV. 
Above 200 K, the diffusion contribution prevails, and 
below the hopping carrier tunneling mechanism does.  

The existence of domain walls above the polymorphic 
transition is confirmed from the current–voltage (I–V) 
characteristics measured at fixed temperatures in a zero 
magnetic field and in a field of 12 kOe. Fig. 6 shows the 
I–V characteristics for polycrystalline films of the 
MnSe1−ХTeХ system (X = 0.1 and 0.2). For samples with a 
low substitution concentration, X = 0.1, the I–V character-
istics are linear and independent of the applied field over 
the entire temperature range. With an increase in the con-
centration above the polymorphic transition temperature, 
the I–V characteristic hysteresis is detected, the width of 
which decreases in a magnetic field and, at voltages above 
6 V, the hysteresis width changes by 10–20 %. With an 
increase in the magnetic field, the density of domain walls 
decreases and their mobility decreases. 

Conclusion. In antiferromagnetic samples of MnSe1-

ХTeХ with a cubic structure, the effect of magnetoresis-
tance in the neighbourhood of the Néel temperature of 
about 100 % was found for a composition with a substitu-
tion concentration of X = 0.1. The decrease in resistance 
in a magnetic field is due to an increase in the electron 

localization radius in potential wells as a result of compe-
tition between ferromagnetic and antiferromagnetic inter-
actions and a reduction in the width of the potential bar-
rier. For a composition with X = 0.2, a negative magne-
toresistance in the paramagnetic state was discovered, 
which is caused by the tunneling of spin polarized elec-
trons with orbital ordering and a change in the angle be-
tween the directions of polarization of electrons in poten-
tial wells as a result of competition between the spin in-
teraction with an external magnetic field and anisotropy 
field. A correlation was found between the spin-glass be-
havior of the magnetization of samples cooled in and 
without a magnetic field and the temperature dependence 
of the magnetoresistance. 

Peaks were found in the optical absorption spectra of 
MnSe1-ХTeХ for a composition with X = 0.4. Near the 
bottom of the conduction band, there are additional ab-
sorption maxima located in energy below the bottom of 
the conduction band. It is possible that these lines corre-
spond to bound states of an electron and a hole, which 
form a hydrogen-like spectrum of excitons. 

In MnSe1-ХTeХ thin polycrystalline films for x < 0.2, 
magnetoresistance is absent. The existence of domains 
and domain walls from the hysteresis of the I–V charac-
teristic, which decreases in a magnetic field and is caused 
by a decrease in the density of domain walls in a magnetic 
field, is found. 
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The energy distribution of the electron beam by means of application of various scanning paths, affects formation of 
the weld, which relates to the quality of the welded joints. Experimental studies, conducted by the authors of the article 
showed that scanning the electron beam in the form of a raster shape gives the best quality of welded joints; therefore, 
the trajectories of a classical raster and a truncated raster are proposed for the electron beam welding process. When 
conducting research in this direction, the authors discovered the following regularity: with an increase in the scanning 
amplitude along the junction, the vapour-gas penetration channel transforms into a stable cavity, along the front wall of 
which the metal melts, and along the side walls it is transferred to the tail of the weld pool. 

The discovered effect of the formation of a penetration cavity is to be investigated in electron beam welding of vari-
ous materials and thicknesses. For this the necessary equipment is to be created, allowing to make scanning in the form 
of various rasters. To improve the quality of the electron beam welding process, trajectories of a classical raster and a 
truncated raster across the joint are proposed. For these scanning trajectories, analytical expressions and families of 
calculated characteristics of the electron beam energy density distribution over the heating spot are obtained. Modula-
tion of the electron beam oscillation in the form of a truncated raster across the junction makes it possible to obtain a 
two-humped distribution of the beam energy on the surface of the part along the heating spot. The obtained characteris-
tics allow a more meaningful approach to optimizing the process of electron beam welding of various materials. 

 
Keywords: electron-beam welding, modelling, technological parameters, electron beam, optimisation, normal  

distribution law. 
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Распределение энергии электронного пучка путем использования различных траекторий сканирования 

влияет на формирование сварного шва, что связано с качеством сварного соединения. Экспериментальные 
исследования авторов статьи показали, что наилучшее качество сварных соединений дает сканирование 
электронного пучка в виде растровой формы; поэтому для процесса электронно-лучевой сварки предложены 
траектории классического растра и усеченного растра. При исследовании в этом направлении авторами  
обнаружена следующая закономерность: при увеличении амплитуды сканирования вдоль стыка парогазовый 
канал проплавления трансформируется в устойчивую полость, по передней стенке которой происходит плав-
ление металла, а по боковым стенкам – его перенос в хвостовую часть сварочной ванны. 

Обнаруженный эффект образования полости проплавления необходимо исследовать при электронно-
лучевой сварке различных материалов и толщин. Для этого должна быть создана аппаратура, реализующая 
сканирование в виде различных растров. Для повышения качества процесса электронно-лучевой сварки пред-
ложены траектории классического и усеченного растра поперек стыка. Для этих траекторий сканирования 
получены аналитические выражения и семейства расчетных характеристик плотности распределения  
энергии электронного пучка по пятну нагрева. Моделирование форм осцилляции электронного пучка в виде  
усеченного растра поперёк стыка даёт возможность получить двугорбое распределение энергии пучка на по-
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верхности детали по пятну нагрева. Полученные характеристики позволяют более осмысленно подходить  
к оптимизации процесса электронно-лучевой сварки различных материалов. 

 
Ключевые слова: электронно-лучевая сварка, моделирование, технологические параметры, электронный пу-

чок, оптимизация, распределение энергии. 
 
Introduction. The combination of energy and techno-

logical parameters of the process determines the quality of 
the weld in electron beam welding (EBW). The electron 
beam is a source of highly concentrated energy. The for-
mation of deep penetration by a focused electron beam is 
achieved by means of formation of a vapor-gas channel in 
which the beam energy is transported. In this case, the 
welding seam gets a dagger shape with a characteristic 
mushroom formation in the upper part. The process of 
forming a weld in this case is oscillatory in nature with a 
periodic unstable melting channel. The mushroom-shaped 
expansion of the weld in its upper part is connected  
with periodic beam scattering on the metal vapor. Such  
a welding process is rarely used in practice except cases 
of through penetration. The pointed shape of the weld  
in the root part leads to the formation of root defects – 
voids arising from the displacement of liquid metal by the 
penetration channel. In order to avoid such defects, it is 
necessary to form a wider root part of the seam. The sim-
plest way to form the radius at the root of the seam is to 
defocus the electron beam, which is used in practice 
mainly at installations with an accelerating voltage  
of 30÷60 kV.  

The beam defocusing does not completely eliminate 
the root defects, in addition, the seam takes a shape close 
to a triangular one, the penetration depth decreases, de-
formation and tension occurs. Therefore, the defocusing 
of the electron beam is used only for EBW products of 
small thickness [1]. 

To prevent root defects, it is necessary to form a paro-
dynamic channel with a sufficiently wide lower part. 
From the technical side, the most effective way of influ-
encing the formation of a penetration channel is to oscil-
late an electron beam on the surface of the welded prod-
uct. The current trend in the development of welding 
technology is to use complex reamers to form welds with 
a given cross-sectional shape. Illustration of an example 
of such a development, executed by Steirgerwald 
Strahltechnik company, is shown in fig. 1. Application of 
digital signal generators allows to create rasters of any 
shape with a fairly high resolution of up to 24 bits, which 
opens up great opportunities in the field of heat treatment, 
welding and soldering, and also plays a key role in solv-
ing the problem of pointing to the joint [2]. 

The technique for choosing the shape of the electron 
beam scan has not yet been developed. At the same time, 
a rather large amount of experimental data has been  
gathered [3]. The following beam scans are most widely 
used: longitudinal [4], x-shaped [4–6], circular and ellip-
tical [6–9], arc and staple [10–13]. Sweep amplitudes 
usually vary between 1–3 mm. 

Electron beam welding with the rotation of the elec-
tron beam along a circular path allows to gain a signifi-
cant reduction in root defects and peak formation, how-
ever, since the power density in the central part of the 
heating zone is small, application of circular scanning 
leads to a decrease in the penetration depth compared to a 
fixed beam electron beam welding. 

 
 

 
 

Fig. 1. Influence of the beam scanning trajectory on the weld cross-section: 
A – without scanning; B – circle; C – eight; D – arrowhead 

 
Рис. 1. Влияние траектории развертки пучка на поперечное сечение сварного шва:  
А – отсутствие развертки; В – окружность; С – восьмерка; D – наконечник стрелы  
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The disadvantage of a circular sweep of the electron 
beam is also the difference in the directions of the beam at 
opposite edges of the weld. At the same time, on one of 
the edges, the direction of the beam motion coincides with 
the direction of the welding speed, and on the other side, 
it is opposite to it, which can lead to uneven formation of 
the weld. 

In [14], the authors developed a new scanning path 
based on energy input. The study suggests applying tra-
jectory instead of a contour to the beam control module 
along which the beam follows. As a result, the nominal 
energy density and modulation function are experimen-
tally obtained, what makes it possible to determine the 
optimal input energy. However, this method of determin-
ing energy, proposed by the authors, is energy and re-
source consuming.  Illustration of such a development  
is shown in fig. 2. 

 

 
 

Fig. 2. New trajectories for melting a rectangular area 
 

Рис. 2. Новые траектории для плавления 
прямоугольной области 

 
In [15], experimental studies on the application of 

various electron beam scans with the aim of the qualita-
tive formation of welded joints are presented. The influ-
ence of the following scans was studied: circular and el-
liptical, x-shaped, zigzag, gimlet, raster, triangle, rowing 
with oars along isotherms. Studies have shown that the 
best scan for the quality of the formation of the weld is a 
raster in which the beam is scanned in the coordinate 
combined with the junction of the welded product accord-
ing to a unilateral saw tooth law, while the beam moves 
from the front of the bath to the tail according to a linear 
law with subsequent instant return to the front. Such a 
scan facilitates the transfer of molted metal to the tail sec-
tion of the weld pool. During one scanning along the 
joint, 16, 32 or 64 scans across the joint along a bilateral 
sawtooth path are performed. The scan period along the 
junction is 1–2 ms. More detailed studies with scanning in 
the form of a raster revealed that with an increase in the 
scanning amplitude along the joint from 5 mm when 
welding small thicknesses to 15 mm when welding me-
dium thicknesses, the gas-vapor channel transforms into a 
stable cavity over the entire penetration depth [16]. The 
shape of the cavity was fixed by abrupt discontinuing the 
welding process by switching off the accelerating voltage. 

Mathematical modeling of the electron beam en-
ergy distribution. In fig. 3 a diagram of electron beam 
welding during scanning as a raster is presented. The form 
of the weld obtained has almost parallel walls and  
a significant radius in the root, what allows root defects  
to be eliminated, and instability of the penetration depth  
is reduced by 3–4 times. The openness and stability of the 

penetration cavity leads to degassing of the welding pool 
and a decrease in porosity. By reducing the proportion of 
energy, spent on the evaporation of the material, the pene-
trating ability of the EBW process increases [1]. 

It is advisable to study the effect of the formation of a 
penetration cavity when welding various materials and 
different thicknesses. For this, equipment should be cre-
ated, which realizes scanning in the form of various 
rasters. In this paper, three types of scanning are consid-
ered: a classical raster, a sinusoidal raster, and a truncated 
raster. The objective of this study is to obtain the density 
of the energy distribution of the scanning electron beam 
on the surface of the part along the heating spot. It charac-
terizes the distribution of energy in the weld pool. 

The energy distribution in an electron beam is usually 
described by a normal law, which is characterized by  
a density probability in the form [17]: 

 2

2

1
( ) exp

22

x m
f x

 
   
     

,               (1) 

where x is the coordinate along the abscissa axis, m is the 
mathematical expectation, and σ is the standard deviation, 
characterizing the diameter of the electron beam, and the 
concentration of the energy in it. This value is determined 
by the electron-optical system of the gun and its focusing 
system. It depends on the welding current and is usually 
determined in the range of σ = 0.05–0.5 mm. The smaller 
the diameter of the electron beam, the more high-quality 
beam the gun forms. 

In order not to take into consideration the specific 
value of the standard deviation in the construction of the 
characteristics of the density of energy distribution over 
the heating spot, we introduce the dimensionless coordi-
nates and amplitudes of the beam scanning along these 
coordinates: 

y
y 


,                                    (2) 

where y is the coordinate along the joint, σ standard de-

viation, y  is the dimensionless coordinate along the joint. 

In the system of dimensionless coordinates σ = 1 

x
x 


,                                        (3) 

where x is the coordinate across the joint, x  – is the di-
mensionless coordinate across the joint. 

A
A 


,                                      (4) 

where A is the amplitude, A  – is the dimensionless am-
plitude.  

It is known that the maximum ordinate of the normal 
distribution (1), is equal, corresponds to the point x = m; 
as the distance from point m increases, the distribution 
density decreases. The centre of symmetry of the distribu-
tion is the scattering centre m. This is clear from the fact 
that when the sign of the difference (x–m) is reversed, 
expression (1) does not change. If the scattering centre m 
is changed, the distribution curve will shift along the ab-
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scissa without changing its shape. The scattering centre 
characterizes the distribution position on the coordinate 
axis [9]. Therefore, by changing the scattering centre ac-
cording to the corresponding law, one can obtain the en-
ergy distribution density along the corresponding coordi-
nate. 

Energy of an electron beam [18]: 

( , ) ( ) ( )W x y U I W x W y dxdy
 

 

     ,            (5) 

where U is the accelerating voltage, I is the beam current, 
W (x) and W (y) are the normalized energy distribution 
functions along the corresponding coordinates,  

( ) 1W x dx




 , ( ) 1W y dy




 . 

Next, let us consider each scan in more detail. Scan-
ning is conducted in the form of a classic raster, while the 
movement along the coordinate across the joint is carried 
out on a two-sided saw, described by a piecewise linear 
function: 

x = k · t + m,                                   (6) 

where t is an independent variable, k and m are some 
numbers, and in case, when, k = 1, for a time t = [–1; 1] 
for a period T, this graph will be presented in the form  
of a triangular function (fig. 4). 

It is known that when changing the mathematical ex-
pectation in formula (1), the graph shifts relative to its 
center. Consequently, instead of mathematical expecta-
tion, it is possible to substitute the necessary expression, 
for a raster it is a linear function. It is also necessary  
to integrate the resulting expression. 

The following formula is obtained [18]: 

  2
1

2
1

1
( ) exp

22

xx A k t m
W x dt



            
 

 , (7) 

where, [1;10],  [ 15;15]xA x   , k = 1, m = 0,  x  is the 

dimensionless coordinate along the joint, xA  is the di-

mensionless amplitude across the joint, and σ is the stan-
dard deviation.  

 
 

 
 

Fig. 3. A scheme of electron-beam welding when scanning  
in the form of a raster: 

1 – electron beam gun; 2 – focusing system; 3 – focus current source; 
4 – deflection coil; 5 – deflection coil; 6 – product surface; 7 – beam  

scan generator 
 

Рис. 3. Схема электронно-лучевой сварки при сканировании  
в виде растра: 

1 – электронно-лучевая пушка; 2 – фокусирующая система;  
3 – источник тока фокусировки; 4 – отклоняющая катушка;  

5 – отклоняющая катушка; 6 – поверхность изделия; 7 – генератор  
сканирования пучка 
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Fig. 4. Graph of successive triangular pulses 
 

Рис. 4. График последовательных треугольных импульсов 
 
 

 
 

Fig. 5. Energy distribution on the surface for the case of a scanning trajectory in the form of a truncated raster: 

1
1;xA   

2
2;xA   

3
3;xA   4 4;xA   5 5;xA   6 6;xA   

7
7;xA   

8
8;xA   9 9;xA   10 10xA   

 
Рис. 5. Распределение энергии пучка на поверхности детали при растровом сканировании: 

1
1;xA   

2
2;xA   

3
3;xA   4 4;xA   5 5;xA   6 6;xA   

7
7;xA   

8
8;xA   9 9;xA   10 10xA   

 
 
Fig. 5 shows a figure with a normal energy distribu-

tion for the case of a scanning trajectory of an electron 
beam in the form of a raster across the junction. 

Fig. 6 shows the scanning path of the electron beam in 
the form of a truncated raster. The scanning trajectory in 
the form of a raster is described by formula (8), but addi-
tional restrictions are added in the form of the following 
system [18]: 

 
 

1, при 0.7;1.2 ,

1, при 2.6; 3.2 .

A t

A t

  
   

               (8) 

Note that when scanning with a truncated raster on the 
definite areas at a definite period the amplitude takes a 

fixed value. Therefore, in the formula (7) we add the ex-
pressions with the help of which the peaks, arising at val-
ues equal to the amplitude, are described. We get the fol-
lowing expression: 
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where x  is the dimensionless coordinate across the junc-

tion, xA  – is the dimensionless amplitude across the junc-
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tion, σ is the standard deviation, m = 0, k = 1, M is the 
saturation time, T is the scanning period. 

In formula (9), with an amplitude equal to 3  
and, taking into consideration that the area of the  
figure with a normal energy distribution, we change 

the limits of the saturation zone boundaries 

 0.05;0.1;0.15;0.2;0.25;0.3;0.4
M

T
  and obtain the fol-

lowing energy distribution curves shown in fig. 7.  

 
 

 
 

Fig. 6. The shape of the controlling signal in the form of a triangle with saturation zones 
 

Рис. 6. Форма управляющего сигнала в виде треугольника с зонами насыщения 
 
 
 

 
 

Fig. 7. Beam energy distribution on the surface of a detail when scanning with a truncated raster and changing the  
boundaries of the saturation zone 

 
Рис. 7. Распределение энергии пучка на поверхности детали при сканировании усеченным растром  

и при изменении границ зоны насыщения  
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From the obtained graphs it can be seen that by chang-
ing the value of the saturation zone M, it is possible to 
control the amplitude of the two-hump energy distribution 
over the heating spot and achieve the best shape of the 
weld. In order to use the obtained calculated characteris-
tics, it is necessary to get from dimensionless coordinates 
to dimensional coordinates, for this it is necessary to carry 
out the following actions [18]: 

 

y y  ; x x  ; A A  ;  

( )
( )

W x
W x 


; 

( )
( )

W y
W y 


. 

 

As a result of the conducted research, a program was 
developed to control the energy distribution over the heat-
ing spot using various scans [19]. 

Conclusion. 1. For conducting investigations to opti-
mize the process of electron beam welding, it is reason-
able to use scanning electron beam in the form of a raster, 
which allows to obtain a stable penetration cavity and 
high quality welded joints. 

2. The scanning shape in the form of a truncated raster 
allows to obtain a two-hump distribution of energy along 
the coordinate across the joint, which is necessary to form 
a weld with parallel walls and a significant radius in the 
root, excluding the appearance of root defects. 

3. Numerical modelling of thermal processes to de-
termine the parameters of EWB will significantly reduce 
the cost of developing technologies for structures made of 
new materials and various thicknesses. 
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PLASMOTRON FOR COATING 

INTERNAL SURFACES OF COMPONENT PARTS 
 

А. E. Mikheev*, A. V. Girn, I. O. Yakubovich, M. S. Rudenko 
 

Reshetnev Siberian State University of Science and Technology 
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation 

*E-mail: michla@mail.ru 
 
Plasma spraying is one of technologically appropriate, productive and effective methods of applying protective 

coatings to component parts produced by aerospace, metallurgical and other industries, objects exposed to high tem-
peratures, dynamic loads, aggressive media, etc. Plasma spraying makes it possible to apply quite a variety of materi-
als, such as metals, oxides, carbides, nitrides, etc. to different surfaces. Certain problems may arise, though, in apply-
ing protective coatings to the inner surfaces of cylinders and complex parts of small size (about 100 mm). These com-
plexities depend on the dimensions of the plasma generator proper. There are no home-produced small-size plasma 
torches, they are all imported from other countries. That causes certain problems with delivery, to say nothing of very 
high commercial price. One of the ways to improve the situation is to develop small-size plasmatrons capable of apply-
ing high-quality coatings to the internal surfaces of limited-size parts; that may significantly reduce expenses through 
import substitution. 

The effectiveness of the proposed device is in working out a method of applying high-quality coatings to the inner 
surfaces of orifices as small as 60 mm in diameter (operating a plasmatron of smaller size), as well as in significant 
cost reduction due to domestic production. Sample calculations show that the price of that plasmatron type will not 
exceed 0.5 million rubles. 

 
Keywords: plasmatron, plasma spraying, internal surface coating. 
 
ПЛАЗМОТРОН ДЛЯ НАНЕСЕНИЯ ПОКРЫТИЙ НА ВНУТРЕННИЕ ПОВЕРХНОСТИ ИЗДЕЛИЙ 
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*E-mail: michla@mail.ru 

 
Плазменное напыления является одним из технологичных, производительных и эффективных способов на-

несения защитных покрытий на изделия аэрокосмической, металлургической и других отраслей промышленно-
сти, подвергаемых воздействию высоких температур, динамических нагрузок, агрессивных сред и т. д. Плаз-
менным напылением практически можно наносить любые материалы, такие как металлы, оксиды, карбиды, 
нитриды и т. п. на различные поверхности. Но существуют проблемы по нанесению защитных покрытий на 
внутренние поверхности цилиндрических деталей и деталей сложной формы с небольшими размерами (до 100 
мм). Эти сложности связаны с габаритами самих плазмотронов. Малогабаритные плазмотроны в России не 
производятся, а импортируются из зарубежных стран, что причиняет ряд неудобств, связанных с поставка-
ми и очень высокой коммерческой ценой. Одним из путей решения этой проблемы является разработка мало-
габаритных плазмотронов, которые позволят наносить качественные покрытия на внутренние поверхности 
деталей с ограниченными размерами и существенно снизить их цену за счет импортозамещения. 

В результате использования предлагаемого устройства стало возможным наносить качественные по-
крытия на внутренние поверхности отверстий с минимальным диаметром 60 мм за счет уменьшения габари-
тов плазмотрона, а также существенно снизить его стоимость за счет собственного производства. Предва-
рительные расчёты показывают, что цена плазмотрона не превышает 0,5 млн руб. 

 
Ключевые слова: плазмотрон, плазменное напыление, напыление на внутренние поверхности.  
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Introduction In many industries, such as aerospace, 
metallurgy, oil production, etc., there are increasing re-
quirements for reliability, durability and safety of prod-
ucts operated in extreme conditions (exposure to high 
temperatures, dynamic loads, aggressive media, etc.). 
These requirements create a demand for special protective 
coatings. One of the most effective methods of applying 
such coatings is plasma spraying, and the application of 
the method is growing from year to year [1–17]. The 
problems arising in application of protective coatings to 
the inner surfaces of cylinders and complex parts of small 
size (about 100 mm), refer to the dimensions of the 
plasma torches in use – there is not enough space for them 
in the sprayed area. Small-size plasma torches are not 
produced in Russia, they are all imported; that involves 
problems of shipment and delivery, of paying high com-
mercial prices. One of the ways to avoid these problems is 
to develop home-produced small-size plasmatrons capa-
ble of applying high-quality coatings to the inner surfaces 
of limited-size parts – import substitution means consid-
erably reduced prices. 

The model currently used most widely is F1 plasma 
torch, intended for applying various high-quality coatings 
by the method of plasma-powder spraying to inner sur-
faces of orifices as small as 70 mm in diameter [18]. The 
manufacturer is “Innatech” company (Dinse – 
www.dinse.eu, АМТ – www.amt-ag.net). The drawbacks 
of the plasmotron are the limited period of plasma torch 
operation (not more than 50 hours) and the unit’s high 
cost – more than 1.5 million rubles. This article presents a 
comparison of capacities demonstrated by the F1 plasma 
torch and the currently developed small-size plasmatron 
PM-2, capable of applying coatings to inner surfaces of 
orifices as small as 60 mm in diameter. 

Experimental parameters. The proposed plasma 
torch make comprises coaxially and sequentially mounted 
cathode assembly, insulating bushing, anode assembly, 

working (plasma forming) gas and cooling water  
supply systems, injector for supplying powder under the 
nozzle edge. In the developed plasmatron design, the noz-
zle with the sealing gaskets is removed from the anode 
assembly; its function is overtaken by water-cooled anode 
assembly, into which a tungsten insert is pressed to in-
crease the endurance of the nozzle. The cathode and an-
ode assemblies have separate cooling systems. The cool-
ing channels are formed by covers soldered to the cathode 
and anode assemblies – that eliminates the need for gas-
kets, which often wear out.  These changes allow smaller 
dimensions of the plasma torch. The insulating bushing  
is installed between the cathode and anode assemblies, 
and these are held together with three screws in insulating 
cover. 

Fig. 1 is the cross section view of the plasmotron con-
struction.  

Fig. 2 is a 3D graphic presentation of the cathode 1 
and anode 3 assemblies with cooling channels 6 and 7.  

The proposed plasmotron design comprises cathode 
assembly 1 with cathode 2 and anode assembly also per-
forming the nozzle function 3, into which a tungsten in-
sert 4 is pressed to increase the endurance; covers 5 are 
soldered to the cathode and anode assemblies to form 
cooling channels 6 and 7; electrical insulator 8 separating 
the cathode assembly from the anode assembly; tungsten 
cathode 8; three screws 9 in insulating covers 10 to hold 
the cathode and anode assemblies together; plugs 11 for 
fixing the cathode; feeder 12 of the working (plasma-
forming) gas to  channel 13 in the cathode assembly body, 
to the gas distribution ring 14 installed at the entrance to 
discharge chamber 15 comprising cathode assembly 1, 
ceramic ring 16 and anode assembly 3 (that provides uni-
form distribution of the gas inside); tubes 17 to feed cool-
ing water to channels 6 and 7; injector 18 for feeding the 
spraying powder, and orifices 19 in insert 4 for the plasma 
jet.  

 
 

 
 

Fig. 1. Plasmotron PM-2 
 

Рис. 1. Плазмотрон ПМ-2 
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Fig. 2. Cathode and anode assemblies 
 

Рис. 2. Катодный и анодный узел 
 
 

 
Comparative characteristics of the plasmotrons 

 

Parameter Plasmotron F1 (GTV) Plasmotron PM-2 

Maximum power, kW 25 20 

Arc current, А Up to 500 Up to 400 

Immersion length at spraying, mm 500 600 

Min diameter of the orifice for spraying, 
mm 

70 60 

Max plasmotron overall size, mm 50 35 

Operation time at medium current, hr 50 ≤ 50 ≤ 

Type of cooling Water Water 

Technological powder Metal, 
composite, 

ceramic 

Metal, 
composite, 

ceramic 
 
 

The plasma torch works as follows: water is fed 
through cooling tubes 16, plasma-forming gas is fed to 
tube 12, and an electric arc is initiated between cathode 2 
and tungsten insert 4 pressed into the anode assembly. 
The working (plasma-forming) gas is fed through the inlet 
channel 13 and  gas distribution ring 14 into plasmotron 
discharge chamber 15 (fig. 1), formed by cathode assem-
bly 1,  ceramic ring 16 and anode assembly 3; the gas gets 
ionizes and escapes through orifice 18 of insert 6 at  high 
speed, producing a jet of plasma, into which the powder 
material is fed through injector 11, mounted in anode as-
sembly 3. 

In the developed design of the plasma torch (PM-2), 
the overall dimensions are minimized: 33 mm vertically, 
35 mm in diameter. The plasma torch is capable of apply-
ing coatings inside smaller orifices (as small as 60 mm in 
diameter). The make allows to adjust the immersion 
length at spraying by installation of longer nozzles. 

The operational parameters of two small-size plasmo-
trons are compared in table. 

Tests were carried out to check the adherence of coat-
ings applied by the plasmatrons at their maximum power. 
The strength of the coating adhesion to the substrate  
was determined by pull-off method (adhesive binding, 
VK-9 glue) according to GOST (State standard specifica-
tion) 209-75 with the use of Eurotest T-50 universal  
test machine. The obtained data showed that the adhesion 
strength of aluminum oxide coating applied to steel sam-

ples by the experimental plasmotron PM-2 comes  
between 8 and 10 MPa, which is close to the results  
of plasmatron F1 (GTV) coating strength tests, showing 
9-10.5 MPa. But the min diameter of the orifice for spray-
ing allowed by plasmatron F1 is 70 mm – the limit  
determined by the overall plasmotron dimensions (see 
table). 

Conclusion. The efficiency of the proposed plasmo-
tron design is in the potential of applying high-quality 
coatings to the inner surfaces of orifices as small  
as 60 mm in diameter by reducing the overall dimensions 
of the plasma torch; the cost of the device can also  
be significantly reduced. Sample calculations show that 
the price of the plasmotron will not exceed 0.5 million 
rubles. 
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AUTOMATED EXPERIMENT SYSTEMS FOR STUDYING THE PROPERTIES OF TRANSPORT  

POLYMER MATERIALS IN HIGH-FREQUENCY ELECTROTHERMIA 
 

N. G. Filippenko, A. G. Larchenko* 
 

Irkutsk State Transport University 
15, Chernyshevsky St., 664074, Irkutsk, Russian Federation 

*E-mail:Larchenkoa@inbox.ru 
 
Recent decades have been characterized by increased activity in the use of polymer and composite materials in 

transport engineering. In this paper, the authors give a generalizing analysis of previously created systems of scientific 
research and analyze the principles of building automated systems of scientific research (ASSR) that allow solving the 
problems of determining the parameters of heat exchange, electrophysical parameters and phase transformations in 
polymer and composite materials when exposed to the HF field. The authors continue the research of the ASSR HF 
developed by the Irgups team, a number of other scientific schools working in the same direction.therefore, within the 
framework of the hardware created by these teams, both similar and original developments and solutions are viewed. 
The analysis of the software parts of the ASSR HF presented by a number of mathematical models and software 
complexes is given. Thus, the analysis of the structure of the developed systems of scientific research allows us to speak 
about its dynamic development. The developed and presented flowcharts of automated experiment and automated 
research systems allow the author to assert that the systems of automated experiment for studying the properties of 
polymer materials in RF electrothermia created for certain tasks, despite the fact that they were conducted 
independently and separately, have a single construction methodology. Comparing the results of the research, the 
author concludes that the construction of a complex system of ASSR HF polar thermoplastic polymers is generally 
complete 

 
Keywords: automated scientific research systems, high-frequency electrothermics, polymer products, methodology 

for building research systems. 
 
СИСТЕМЫ АВТОМАТИЗИРОВАННОГО ЭКСПЕРИМЕНТА ДЛЯ ИССЛЕДОВАНИЯ СВОЙСТВ  

ПОЛИМЕРНЫХ МАТЕРИАЛОВ ТРАНСПОРТНОГО НАЗНАЧЕНИЯ  
ПРИ ВЫСОКОЧАСТОТНОЙ ЭЛЕКТРОТЕРМИИ 

 
Н. Г. Филиппенко, А. Г. Ларченко* 

 
Иркутский государственный университет путей сообщения 

Российская Федерация, 664074, Иркутская область, г. Иркутск, ул. Чернышевского, 15 
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Последние десятилетия характеризуются повышенной активностью использования полимерных и компо-

зитных материалов в транспортном машиностроении. В данной работе авторами дается обобщающий  
анализ ранее созданных систем научных исследований и анализируются принципы построения автоматизиро-
ванных систем научного исследования (АСНИ), позволяющие решать задачи определения параметров тепло-
обмена, электрофизических параметров и фазовых превращений в полимерных и композитных материалах  
при воздействии на них ВЧ-поля. Авторы продолжают исследования разработанных АСНИ ВЧ коллективом 
ИрГУПС, ряда других научных школ, работающих в том же направлении, поэтому в рамках аппаратной  
части, созданной этими коллективами, просматриваются как схожие, так и оригинальные разработки и ре-
шения. Дается анализ программных частей АСНИ ВЧ, представленных рядом математических моделей и ком-
плексами программного обеспечения. Таким образом, анализ структуры разработанных систем научного  
исследования позволяет говорить о динамическом ее развитии. Разработанные и представленные блок-схемы 
систем автоматизированного эксперимента и автоматизированных исследований позволяют авторам ут-
верждать, что созданные под определенные задачи системы автоматизированного эксперимента по изуче-
нию свойств полимерных материалов при ВЧ-электротермии, несмотря на то что велись самостоятельно  
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и разрознено, имеют единую методика построения. Сопоставив результаты исследований, авторы делают 
вывод о том, что построение комплексной системы АСНИ ВЧ полярных термопластичных полимеров в целом 
завершено. 

 

Ключевые слова: системы автоматизированных научных исследований, высокочастотная электротермия, 
полимерные изделия, методология построения систем исследований. 

 
Introduction. The driving force of the growth of the 

polymer industry is still the ever-increasing standard of 
living of mankind. It should be noted that continuous 
growth is primarily demonstrated by the transport sector 
of the engineering industry. 

In the modern world, polymer industry companies are 
building new capacities with minimal capital expenditures 
due to the use of advanced technologies that can reduce 
costs by reducing electricity consumption rates, and this 
primarily refers to high-frequency electrothermal tech-
nologies [1–15]. However, the introduction of these tech-
nologies is constrained by the lack of reliable data on the 
electrophysical properties of modern materials necessary 
for the organization of control processes. Therefore,  
the solution of this problem is an important national eco-
nomic task. 

In this regard, the aim of this work was to analyze ex-
isting scientific research automation systems (ASSR) and 
experimental automation systems (SAE) of the effects of 
high-frequency electrothermia on the properties of poly-
meric materials processed in the HF field over a wide 
temperature range. 

Analysis of the state of ASSR and SAE HF-
electrothermics. In plastics processing, the HF heating 
method, as has been repeatedly noted, is one of the most 
advanced. The effectiveness of the use of HF heating is 
judged by the value of the dielectric loss factor of the 
dielectric constant –ε′, and the dielectric loss tangent –tgδ 
[16–23]. The authors of an automated research system for 
determining the permittivity – ε′ and dielectric loss 
tangent –tgδ, polyamide-610 performed the work using an 
E9 meter (Q-meter) using two and three-dimensional 
resonance methods [5]. The functional measurement 
scheme and the location of the processed material are 

presented in fig. 1 and 2, respectively, where a sample of 
material placed between two plates of the working 
capacitor 2 was affected by an HF field. Temperature 
control was carried out by pyrometer 3 and thermocouples 
TE 4-1. The calculation of dielectric indicators was 
carried out by computing device 1. 

The results of the work were the obtained data on the 
characteristic changes in the electrophysical parameters of 
PA-6 polyamide (ε′ and tgδ) depending on temperature. 
Nevertheless, even the authors themselves in the work 
point out the difficulties of using such a research system 
in determining the melt moment of a material, referring to 
a difficult to control process accompanied by gas 
formation at the time of a phase transition. The obvious 
drawbacks of the developed automated experiment are 
also the absence of immunity systems, and the 
mathematical model does not correspond to the real 
technological system and consists of one layer of material 
to be welded. 

The mathematical apparatus of the HF heating model 
proposed by the authors [15; 20] describes the tempera-
ture distribution in the thickness of the thermoplastic, 
taking into account the design features of technological 
equipment (fig. 3). 

The calculation of the welding process was carried out 
by numerically solving the equation for variable values of 
y and dependencies obtained by calculation and experi-
mental methods were used. 

The disadvantage of this system, as with previous au-
thors, is also associated with the mathematical model. The 
model underwent changes, was expanded, but considers 
only a special case of processing, namely welding.  
The schematic diagram of the experimental setup is 
shown in fig. 4.  

 

 
 

Fig. 1. Functional measurement scheme: 
1 – computing device; 2 – upper and lower plates of the working capacitor;  

3 – windows for temperature pyrometry 
 

Рис. 1. Функциональная схема измерений: 
1 – вычислительное устройство; 2 – верхняя и нижняя обкладки рабочего  

конденсатора; 3 – окна для пирометрии температуры 
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Fig. 2. The location of the welded material  
in the working capacitor: 

1 – materials to be welded; 2 – electrodes 
 

Рис. 2. Расположение свариваемого материала  
в рабочем конденсаторе: 

1 – свариваемые материалы; 2 – электроды 
 
 
 
 

 
 

Fig. 3. High-frequency welding of plastic parts in industrial 
equipment with one insulated electrode, where h1, h4  

is the thickness of the high potential and grounded electrodes; 
h2 is the thickness of the insulating liner; l = h3/2 – thickness 
of the welded part; xi is the coordinate of the layer boundary; 

xs is the coordinate of the weld; y is the distance from  
the weld; Uр is the voltage at the working capacitor 

 
Рис. 3. Высокочастотная сварка деталей из пластмасс  
в технологической оснастке с одним изолированным  

электродом, где h1, h4 – толщина высокопотенциального  
и заземленного электродов; h2 – толщина изоляционного 

вкладыша; l = h3/2 – толщина свариваемой детали;  
xi – координата границы слоя; xs – координата сварного 
шва; y – расстояние от сварного шва; Uр – напряжение  

на рабочем конденсаторе 
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Fig. 4. Schematic diagram of the experimental setup: 

1 is a product sample; 2 is a product sample; 3 is for electrodes of the working ca-
pacitor; 4 is an insulating liner; 5-1 is an acoustic sensor; 5-2 is an analog-to-

digital converter (ADC); 6 is a computing device; 7 is a HF generator;  
8 is an ammeter of the anode current; 9 is a “START” button 

 
Рис. 4. Принципиальная схема экспериментальной установки: 

1 – образец изделия; 2 – образец изделия; 3 – электроды рабочего конденса-
тора; 4 – изоляционный вкладыш; 5-1 – акустический датчик;  

5-2 – аналогово-цифровой преобразователь (АЦП); 6 – вычислительное уст-
ройство; 7 – ВЧ-генератор; 8 – амперметр анодного тока; 9 – кнопка «ПУСК» 

 
 

 
 

Fig. 5. Applience for high-frequency processing of parts: 
h1, h4 are thickness of high-potential and grounded electrodes; h2 is the thickness  
of the insulating liners; l is the thickness of the processed (welded) part; x is the 
coordinate of the layer boundary; xs is the coordinate of the connection; y is the 

distance from the junction; Uр is the voltage at the working capacitor 
 

Рис. 5. Приспособление для высокочастотной обработки деталей: 
h1, h4 – толщина высокопотенциального и заземленного электродов;  

h2 – толщина изоляционных вкладышей; l – толщина обрабатываемой (свари-
ваемой) детали; x – координата границы слоя; xs – координата соединения;  
y – расстояние от места соединения; Uр – напряжение на рабочем конденсаторе 

 
 

In [12], the shortcomings indicated in previous ver-
sions of automated experiments are not so obvious, but 
nevertheless, the presented SAE has limited capabilities 
and is applicable only in the study of polar thermoplastics. 
The device for high-frequency processing of parts is 
shown in fig. 5.  

A solution was found to organize the calculation  
and measurement of temperature on the surface and inside 
the material and to protect the electrodes from break-
down, which was implemented both in the hardware and 
in the mathematical program part of the research system 
[4; 14; 23]. 

The ASSR hardware also underwent changes. Switch-
ing systems and control units were added. 

Nevertheless, the presented model, although it ex-
panded the capabilities of the technological system (the 
quantity of layers of material is increased up to five), but 
the possibility of its application is limited by a number of 
HF processing processes such as welding, drying, and 
acclimatization. 

A feature of the works presented [7; 8] is the expan-
sion of the capabilities of scientific HF research regarding 
diagnostic processes. A mathematical model was devel-
oped for measuring the capacitance of a working capaci-
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tor, and a software package was created for calculating 
the effective diagnostic parameters (fig. 6) under HF ex-
posure, depending on the shape and size of the samples 
[7; 14; 22]. 

This automated system (fig. 7) of scientific research 
has expanded the possibility and list of technological 
processes of HF electrothermics, but concerns only one 
type of research, namely diagnostics 

An analysis of one of the latest works of scientific re-
search systems [8; 12] on the study of the interconnec-

tions of electrophysical parameters of electrothermal 
equipment and polymer materials widely used in transport 
engineering shows that a number of problems that were 
not included in the work of previous authors were solved. 

A mathematical model of the technological system 
was developed in a 3D setting (fig. 8, 9), which included a 
variable number of electrodes, insulators and processed 
materials, and the developed algorithm made it possible to 
calculate the temperature field taking into account the 
heating of the technological system.  

 
 

 
 

Fig. 6. Interface of Aleo_HFH software complex 
 

Рис. 6. Интерфейс программного комплекса Aleo_HFH 
 
 

 
 

Fig. 7. Aleo-Diagnost software interface 
 

Рис. 7. Интерфейс программного комплекса Aleo-Diagnost 
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Fig. 8. 3D five-layer high-frequency processing technological scheme. 

The first group of the technological scheme consists of:  
1 – low-potential electrode of the working capacitor; 2 – insulator; 2nd group: 3 – proc-

essed polymer (internal heat source); 3rd group: 5 – high-potential electrode of the working 
capacitor; 4 – insulator; X, Y, Z are coordinates of the boundaries of the layers; Uр is the 

voltage at the working capacitor 
 

Рис. 8. 3D пятислойная технологическая схема ВЧ-обработки. 
1-я группа технологической схемы:  

1 – низкопотенциальный электрод рабочего конденсатора; 2 – изолятор; 2-я группа:  
3 – обрабатываемый полимер (внутренний источник тепла); 3-я группа: 5 – высоко-
потенциальный электрод рабочего конденсатора; 4 – изолятор; X, Y, Z – координаты 

границ слоев; Uр – напряжение на рабочем конденсаторе 
 
 

 
 

Fig. 9. Scheme of an automated experimental setup for determining  
the amperometric dependence of dielectric loss in polymeric materials: 

1 is a processed sample; 2, 9 are heat-electric insulators; 3 is for electrodes of the working  
capacitor; 4 is a HF generator; 5 is a device for contact heating of the sample; 6 is an  

electric heating element; 7 is a thermocouple; 7-1 is a thermocouple thermometer;  
8 is a protective screen; 8-1 is a current sensor; 10 is a computing unit; 11-1 is a linear  

thermal expansion sensor 
 

Рис. 9. Схема автоматизированной экспериментальной установки  
по определению амперометрической зависимости диэлектрических потерь  

в полимерных материалах: 
1 – обрабатываемый образец; 2, 9 – тепло-, электроизоляторы; 3 – электроды  
рабочего конденсатора; 4 – ВЧ-генератор; 5 – приспособление для контактного  
нагрева образца; 6 – электронагревательный элемент; 7 – термопара; 7-1 – термо- 

пара-термометр; 8 – защитный экран; 8-1 – датчик тока; 10 – вычислительный блок; 
11-1 – датчик линейного теплового расширения  
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To date, a full-fledged automated system of scientific 
research (ASSR HF) developed at the Irkutsk State 
Transport University (IrGUPS) can be considered the 
most system-developed one. It was finally formed and 
indicated in [1; 8; 12]. 

Two versions of the ASSR HF with different hardware 
have been developed chronologically. An industrial HF 
processing unit of the UZP-2500 model was used as a 
source of electromagnetic radiation. The developed and 
patented automation unit [4], performed registration, 
processing and transmission of information. It was im-
plemented on the basis of the programmable controller 
ATmega 328. 

We should note that this system, in addition to the 
hardware, was also provided with a software component, 
consisting of a number of software systems that imple-
ment automated research programs. 

The basic principles for constructing a fully functional 
ASSR HF hardware and its structural scheme for studying  

the process of heat treatment of polymeric materials are 
presented in fig. 10. 

The work of the unit is organized as follows. Simulta-
neously with turning on the high-frequency generator, the 
control unit and the automation unit are turned on. A lin-
ear Hall sensor measures the anode current of a high-
frequency generator, and acoustic sensors detect partial 
discharges that occur on the polymer during HF process-
ing. Data on anodic current of high frequency generator 
and partial discharges is transmitted to the computing 
device of a microcontroller assembled on the basis of the 
ATmega8 processor [2]. 

The microcontroller calculates the magnitude of the 
change in the anode current; drying time; interdischarge 
time; number of partial discharges. Installation of the unit 
and sensors was carried out without re-equipment of ex-
isting electrical circuits of HF installations [6; 17; 18]. 

The integration of ACS elements with reference to the 
HF equipment scheme of the UZP-2500 model is shown 
in fig. 11.   

 
 

 
 

Fig. 10. Block diagram of the ASSR HF hardware: 
1 is an automation unit; 2 is a shielding case; 3 is a coaxial cable;  

4 is a constant voltage source; 5 is a high-frequency generator; 6 is an 
alarm control system; 7 is a generator control circuit; 8 is an actuator;  
9 is a linear current sensor; 10 is a computing device; 11 are acoustic  

sensors for detecting partial discharges; 12 is a computing device;  
13 is anti-interference housing; 14 is power supply; 15 is a variable  

capacitor; 16 is a microcontroller; 17 is a working capacitor 

 
Рис. 10. Структурная схема аппаратной части АСНИ ВЧ: 

1 – блок автоматизации; 2 – экранирующий корпус; 3 – коаксиальный 
кабель; 4 – источник постоянного напряжения; 5 – высокочастотный 
генератор; 6 – система управления сигнализацией; 7 – цепь управ- 
ления генератором; 8 – исполнительный механизм; 9 – линейный  

токовый датчик; 10 – вычислительное устройство; 11 – акустические 
датчики регистрации частичных разрядов; 12 – вычислительное  
устройство; 13 – помехозащищенный корпус; 14 – блок питания;  

15 – переменный конденсатор; 16 – микроконтроллер; 17 – рабочий  
конденсатор 
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Fig. 11. Integration of ACS elements with reference to the HF scheme  
of the installation of the model UZP-2500 

 
Рис. 11. Интеграция элементов АСУ с привязкой  

к схеме ВЧ установки модели УЗП-2500 
 
 
The unit of the registration and control device was 

implemented with the following technical characteristics: 
– number of measurement channels – 6; 
– measured current: 0.01...10 AC, VC; 
– measured voltage: 100...4000 V AC; 
– measurement interval: 0.005 s, (expansion to  

8.10-6 s is possible); 
– maximum measurement error: ± 1.5 %; 
– non-volatile memory, 64 Kb; 
– power –100...380 in VC; 
– power consumption – 50 mA. 
As it was mentioned above, along with the team of 

IrGUPS, a number of other scientific schools work in the 
same direction, therefore, within the hardware created by 
these teams, both similar and original developments and 
solutions are viewed. The software parts of ASSR HF are 
also represented by a number of mathematical models and 
software complexes. 

Thus, the analysis of the structure of the developed 
systems of scientific research allows us to talk about its 
dynamic development. To date, comparing the research 
results, it is safe to say that the construction of an inte-
grated ASSR HF system as a whole is completed. As can 
be seen from the block diagrams of automated experiment 
and automated research systems presented below, al-
though they were created separately, specifically for cer-
tain tasks, a specific construction methodology is seen in 
all the works. 

Conclusion. Thus, an analysis of the structure of the 
developed scientific research systems allows us to con-
clude that the dynamic development of ASSR and SAE 
by various scientific schools of electrothermists has led to 
a uniform methodology for constructing ASSR HF. 

Comparing the research results, it can be argued that 
the construction of an integrated system of ASSR HF of 
polar thermoplastic polymeric materials as a whole is 
completed. 
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